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The need for new metrics for the  accurate assessment of Water, Sanitation, and Hygiene 
(WASH) interventions has been highlighted by the recent unexpected results from large-scale, 
cluster randomized intervention trials. Several reasons have been postulated about what may 
have caused these largely null results. In this dissertation, my primary focus is on the fact that 
these trials relied on exposure variables that  measured the indirect impact of WASH 
interventions on pathogen loads and exposure and outcome variables based on self-report. A 
move towards exposure and outcome variables that are more specific may provide new insights 
into developing more targeted interventions.  My secondary focus is on urban WASH, which has 
been understudied given that most WASH studies have been conducted in rural areas. Urban 
WASH is important because by 2050 68% of the world’s population will reside in urban areas, 
often in informal settlements. These high-density informal settlements will present unique 
environmental risk factors.  New metrics based on biological measures, such as pathogen 
quantification and assessments of physiological and immunological states will be necessary to 
inform the design of sustainable and effective interventions for urban areas. In this dissertation, I 
present three research aims focusing on improving our understanding of WASH in urban areas 
using biological measures.  
 Aim 1, examined the association between pathogen carriage in infants and biomarker 
derived scores. We used seven stool biomarkers to derive scores that measure gut integrity, acute 
inflammation, and chronic inflammation. The use of these biomarkers provides a novel way to 
gain insight on specific pathogenic processes when coupled with pathogen data. Score-pathogen 
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relationships were found to be enteropathogen-specific, reflecting expected physiological 
processes of epithelial invasion and gut dysfunction. Even though the biomarkers can be accurate 
measures of cellular damage and allow the evaluation of specific components of the 
inflammatory process, relationships between biomarkers are complex and depend on their 
cellular origin and the level of measurement. We postulate that there are multiple cellular 
damage processes that may differ between individuals and populations that have an end-state 
characterized by a run-away immune response, gut damage, and chronic malaise.  
In Aim 2, we conducted a survey in urban informal settlements in Addis Ababa, Ethiopia 
to understand WASH indicators associated diarrheal prevalence in infants. We found that 
diarrheal prevalence was strongly associated with water treatment regime, and that boiling and 
water filtration were the most effective disease barriers. Our findings suggest that utility water in 
Addis Ababa is a major disease conduit and that systemic improvements are necessary to make 
utility water safe.  
In Aim 3, we conducted a cross-sectional study, collecting and testing soil and water 
samples for a range of pathogens from urban and rural sites in and around Yangon, Myanmar. 
We quantified  the concentrations of a range of viral, bacterial, and protozoan pathogens and one 
fecal indicator.  We found that pathogen counts in both water and soil were significantly higher 
in urban areas compared to rural areas. We also found pathogen specific associations between 
environmental risks and environmental pathogen loads. Indicator and bacterial environmental 
loads were found to be associated with environmental risks, while environmental viral loads 
were not associated with any observed environmental risks. Our work highlights how 
environmental pathogen measurements provide added specificity towards identifying important 
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environmental pathways that require mitigation; and  measuring pathogens provides additional 




1.1. Water, Sanitation and Health 
 I study diseases of poverty, their causes, and long-term sequelae. Diarrheal diseases and 
enteropathogen infections are the result of a lack of clean water and sanitation, the most basic 
resources that we all require to lead dignified and productive lives- clean water and sanitation. 
We have understood the utility and benefits of providing clean water and sanitation for more 
than 100 years. For example, after the introduction of water chlorination in England in 1911, 
infant mortality from diarrhea rapidly declined(1). However, despite the provision of clean water 
and sanitation being a central goal of both the Millennium Development Goals (MDGs) and 
Sustainable Development Goals (SDGs), billions still lack access to both. In 2017, it was 
estimated that 2.2 billion people lacked safely managed drinking water and 4.2 billion people 
lacked safely managed sanitation(2). Amid the COVID-19 pandemic, these gaps in access may 
have further implications, as personal hygiene, especially hand hygiene, is one of the most 
effective ways of preventing COVID-19(2).  
 The goal of water, sanitation, and hygiene (WASH) interventions is to stop susceptible 
individuals from coming into contact with enteropathogens, pathogens that are transmitted 
primarily via the fecal-oral route, and ultimately depleting or eliminating the environmental 
pathogen pool(3–6). The interactions between susceptible individuals and pathogens are 
illustrated by the well-known “F” diagram, which depicts both the fecal-oral transmission 
pathways and the barriers necessary to disrupt them(7). Sanitation interventions achieve this by 
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segregating human or animal excreta from environments that individuals come into the contact 
with. Water interventions aim to stop individuals from ingesting enteropathogens via their 
drinking water or domestic water used for food or bathing. Should any of these barriers fail, an 
individual may encounter a high dose of pathogens, and if ingested may result in infection which 
has acute (diarrheal disease) and chronic (growth faltering, cognitive impairment) outcomes. 
1.1.1. Acute Outcomes of Pathogen Infection  
 Diarrhea is defined as the passage of 3 or more loose or watery stools in a 24-hour period 
and is a disruption of the absorptive capacity of the small intestine caused by the rapid transit of 
gastric contents(8,9). Diarrhea can be considered to be either osmotic or secretory(8). Osmotic 
diarrhea occurs when excessive numbers of osmotically active particles are present in the gut 
lumen, resulting in fluid passively moving into the lumen and exceeding the absorptive capacity 
of the gut, resulting in diarrhea(8). Secretory diarrhea occurs when the bowel mucosa secretes 
excessive amounts of fluid, either due to toxins such as the cholera toxin, or inherent 
abnormalities in enterocytes  such congenital microvillous atrophy(8). Acute diarrhea is usually 
caused by  infective agents that damage the mucosa, such as rotavirus or Shigella, or by pathogen 
toxins, as is the case with  cholera(8). Chronic diarrhea typically lasts for longer than 3 weeks 
and is typically caused by protozoa parasites such as Giardia or Cryptosporidium or by innate 
defects to the mucosa such as damaged electrolyte transport systems or long-term damage of the 
enterocytes(8).  
1.1.2. Chronic Outcomes of Pathogen Infection 
 Repeated enteric infections are also thought to result in abnormal small bowel physiology 
referred to as environmental enteric dysfunction (EED). EED has demonstrable histological 
features such as villous flattening, crypt hyperplasia, and lymphocytic infiltration of the lamina 
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propria coupled with chronic intestinal inflammation, that has been shown to have profound 
long-term effects, such as stunting and growth faltering(10–14). EED can compromise the 
integrity of the gut and allow potentially pathogenic bacteria to cross the gut wall, triggering a 
chronic inflammatory process(15). This inflammatory process may directly down-regulate 
growth, and indirectly affect growth through appetite suppression(16,17). Because EED 
compromises the integrity of the intestinal wall, an abnormally large number of white blood cells 
can infiltrate the gut, shunting an infant’s metabolism to maintaining a chronically stressed 
immune surveillance system(18).  
1.2. Measuring Exposure in WASH 
 Traditionally, the self-report of diarrhea over the past week or two has been used to 
measure the effectiveness of WASH interventions. The exposure measures that are measured 
using self-report are typically the ease of access to a defined sanitation technology. The idea is 
that if WASH interventions are effective in reducing host-pathogen contacts, either by reducing 
environmental pathogen loads or separating pathogens from hosts, fewer cases of diarrhea should 
occur during the defined time period. However, recent unexpected results from WASH trials 
have called into question the utility of standard metrics used to assess WASH effectiveness(19–
25). There could be several reasons for these unexpected results; 1) these interventions did not 
cover enough of the community to significantly reduce pathogen transmission, and 2) the studies 
did not use appropriate metrics to measure the effects of the interventions.  It may be more 
accurate to measure enteropathogen loads in both the environment and hosts or to evaluate 
biomarkers in subjects. The goal of any WASH intervention is better health outcomes, be it a 
reduction in diarrhea or improvements in long term outcomes, such as in child growth. Hence the 
need to accurately define metrics that are proximal to the exposure and provide an accurate 
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readout of infection or physiological outcomes. In the following two sections I will discuss the 
use of two alternative readouts for quantifying the effectiveness of WASH interventions: 
enteropathogen quantification and biomarker evaluation.   
1.2.1.  Enteropathogen Quantification 
 Enteropathogen quantification provides a direct measure of the dose of pathogens that 
individuals are exposed to. By providing a direct measure of exposure, enteropathogen 
quantification can  provide direct readouts on how well a WASH intervention is working- the 
more effective an intervention the lower the concentration of pathogens that individuals are 
exposed to. Transmission pathway and pathogen specific measurements provide assessments on 
the relative importance of different transmission pathways and allow mitigation strategies to be 
tailored to achieve maximum effectiveness.  
 There are two approaches to evaluating enteropathogen exposure: external exposure 
assessments and internal exposure assessments(26).  External exposure assessments quantify 
pathogens within an environmental substrate(26). External exposure assessments often rely on 
proxies, such as fecal indicators and source tracking markers, to measure enteropathogen loads 
along defined fecal-oral pathways(26). However, external assessments have two limitations: 1) 
they do not provide any measures on the dose of pathogen ingested, and 2) measurements 
derived from proxies may not accurately quantify the relative importance of the transmission 
pathways that they are supposed to measure(26).  Depending on when they are obtained, internal 
exposure assessments can provide an estimate of ingested pathogen dose, typically via oral 
ingestion(26). However, these assessments provide no data on the actual transmission pathway 
and may be a measure of past exposure and not of current exposure(26).  
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 The enumeration of enteropathogen loads can broadly be broken into three methods; 
culture-based methods, molecular methods, and metagenomics. Culture based methods typically 
begin with a filtration method to concentrate samples followed by plating on appropriate media. 
Culture based methods are limited by their low sensitivity and the presence of viable but not 
culturable pathogens(26). Molecular methods are typically based on the polymerase chain 
reaction (PCR). With new technology platforms such as Taqman Array Cards and digital PCR 
(dPCR) coming online, these techniques allow for the quantitative detection of multiple 
pathogens in a single sample(27–30). Molecular methods, however, remain resource intensive, 
requiring substantial laboratory infrastructure.  Metagenomic techniques are based on the ability 
to sequence all the DNA present in a sample(31). The recent advent of Nanopore Sequencers has 
made this technique more accessible and adaptable to field conditions, allowing for the profiling 
of pathogen communities in environmental samples(32). Metagenomic techniques are however 
hampered by poor sensitivity in low abundance settings, the high cost of sequencing platforms, 
and a data analysis pathway that requires substantial bioinformatics expertise(26). 
 Despite the promise that direct enteropathogen quantification holds,  as was pointed out 
by an Interdisciplinary Working Group, there are several inherent factors that make the accurate 
measurement of enteropathogen loads challenging(26). First, it is technologically difficult to 
quantify multiple pathogens whose pathogenicity and fate may differ by environmental 
conditions(26,33,34). Second, the measurement of environmental pathogen loads has to consider 
multiple fecal-oral transmission pathways, as commonly represented by the  F-diagram(26,35). 
With multiple enteropathogen transmission pathways, it is important to accurately assess the 
relative importance of each transmission pathway and if pathways are pathogen specific(36). 
 6 
Third, it is hard to accurately understand how environmental pathogen exposure affects host 
states such as gastrointestinal health, the microbiome or enteropathies such as EED(26,37,38).  
 The quantification of environmental enteropathogen loads was the focus of my third 
dissertation aim. I examined the association between environmental characteristics and pathogen 
loads in informal settlements and rural areas around Yangon, Myanmar.  
1.2.2. Biomarker Measurements 
 The use of biomarkers to evaluate WASH effectiveness is relatively new, but several 
groups are working on developing biomarker and metabolic panels(39,40). To date, the main 
uses of biomarkers in the WASH field have been two-fold; 1) evaluating systemic inflammation 
responses to infection, and 2) measuring gut function to quantify the severity of  EED(13). 
Widely used systemic inflammation biomarkers include c-reactive protein (CRP), α1acid 
glycoprotein and the insulin-like growth factor (IGF-1). There is a well-established body of work 
defining levels and thresholds for these biomarkers, making their use especially attractive. 
However, their utility is hampered by the fact that they represent broad reactions to physiological 
insults, making it hard to establish causal links between exposures and biomarkers. Additionally, 
with co-infections and asymptomatic pathogen carriage being the norm, attributing effects to 
specific pathogens is challenging, especially in small studies. Despite these limitations, 
biomarkers are useful for broad population surveillance. 
 A major potential use for using biomarkers as read outs for WASH interventions is that 
with a carefully selected panel of biomarkers, it should be possible to measure specific 
physiologic and metabolic pathways impacted by WASH interventions. The use of biomarkers 
may be more reflective of exposure than quantifying enteropathogens, given that some 
physiological responses are long-term and may better capture the long-term effectiveness of 
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WASH interventions. In addition, by examining the association between biomarkers and 
pathogen carriage, it may be possible to gauge pathogen specific physiological impacts, which 
may differ regionally. Making this link between pathogen carriage and biomarkers is the basis of 
my first dissertation aim. I focused on a panel of seven biomarkers and examined their 
association with stool pathogen loads. Three of the biomarkers that I used are widely deployed 
protein biomarkers used as a measure of EED; myeloperoxidase (MPO) alpha-1-antitrypsin 
(AAT) and neopterin(13,41,42). In addition, I used four recently described transcriptomic 
biomarkers; sucrase isomaltase (SI), caudal-homeobox-1 (CDX1), S100A8, and mucin-
12(18,43–45). These seven biomarkers enable the measurement of specific cellular and immune 
processes such as cell damage and the neutrophil mediated innate immune response. The four 
transcriptomic biomarkers also enable the measurement of processes on shorter time scales and 
may be more indicative of recent or currently occurring physiological processes. In addition, 
given that the expression of the transcriptomic biomarkers is cell type specific, these biomarkers 
can be used to gauge the presence of different cell types in stool, reflecting cell type turnover in 
the intestine.  
Myeloperoxidase: Myeloperoxidase is a cationic heme-containing enzyme found in primary 
azurophilic granules of neutrophils and, to a lesser degree, in primary lysosomes of 
monocytes(16). MPO is stored in cytoplasmic membrane-bound azurophilic granules and during 
stimulation, these granules are secreted out to the extracellular space by degranulation or 
exocytosis(17). Myeloperoxidase levels should therefore provide a readout of the neutrophil 
driven innate immune response, which is a rapid, non-specific response to pathogen infection.  
Alpha-1-Antitrypsin: AAT is a water soluble, tissue diffusible, medium sized circulating 
glycoprotein with a blood half-life of 4-5 days(46). Over 80% of AAT is synthesized and 
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secreted by hepatocytes and the rest by monocytes, macrophages, the pancreas, lung alveolar 
cells, enterocytes, and the endothelium (46). The specific substrate of AAT is the serine 
proteinase elastase (46). In addition to inhibiting the excess of free elastase from neutrophils, 
AAT neutralizes a host of other enzymes including myeloperoxidase from neutrophils. 
Therefore, AAT should also act as a readout of the innate immune response, similarly to 
myeloperoxidase. In addition, AAT should enable us to gauge if the detected immune response is 
controlled or a detrimental runaway neutrophil response.  
Neopterin: Neopterin is produced by activated monocytes, macrophages, dendritic cells, 
endothelial cells, and to a lesser extent in renal epithelial cells, fibroblasts, and vascular smooth 
muscle cells upon stimulation mainly by interferon gamma(IFNγ) (15). During acute viral 
infections, increased neopterin levels have been observed to correlate with disease severity(15). 
Neopterin is therefore a measure of the long-term adaptive immune response.  
Sucrase Isomaltase: Sucrase Isomaltase  is located on the brush border membrane (BBM) of the 
intestinal epithelium where it is involved in the final step of starch digestion(47). SI levels are 
reduced with mucosal injury but are relatively stable by race and age(48,49). SI activity is 
diminished in villus blunting (50), thus representing a possible surrogate marker of small 
intestinal function and integrity(51).   
Caudal Homeobox-1: In humans there are three caudal homologues, Cdx1, Cdx2 and Cdx4(52). 
Due to the highly conserved homeodomain, Cdx1 and Cdx2 typically bind and transactivate 
many of the same DNA elements(52). SI was the first intestinal gene identified as a Cdx2 
transcriptional target. Since Cdx1 is a close homologue of Cdx2,  Cdx1 expression will track SI 
expression making Cdx1 another potential marker for gut function and integrity(52).  
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S100A8: S100A8 is part of the dimeric protein, S100A8/A9 (calprotectin). S100A8/A9 has been 
identified as a critical player of the inflammatory response. S100A8/A9 is found in the 
cytoplasm of neutrophils and monocytes and belongs to a large family of Ca2+ binding 
proteins(53). S100A8/A9 is part of the family of immune molecules known as endogenous 
‘‘damage-associated molecular patterns’’ (DAMPs) that maintain a  state of abnormal mucosal 
inflammation(54). DAMPs are liberated extracellularly, serving to signal danger to the host and 
promoting inflammation and repair processes that are initially beneficial and protective(54). 
However, in the setting of significant and persistent DAMP release, their downstream effects 
may result in tissue damage. DAMPs may have a central role in disease pathogenesis and 
provide another readout of the rapid innate immune response(54).  
Mucin-12: The mucus layer overlying the epithelium promotes the elimination of gut contents 
and provides the first line of defense against physical and chemical injury caused by ingested 
food, pathogens, and microbial products. The major component of the mucus is secreted mucins, 
large glycoproteins with a highly polymeric protein backbone structure, linked to numerous 
hygroscopic and hydrophilic oligosaccharide side-chains that contribute to the formation of a 
gel-like structure(55). Mucin-12 is secreted by intestinal mucosal epithelial cells; therefore, the 
depletion of mucin-12  would be indicative epithelial cell damage(54).  
1.3. WASH and Urbanization 
My second and third dissertation aims focuses on understanding the larger picture of 
disease transmission in informal settlements. My work in Addis Ababa, Ethiopia examined how 
WASH impacted infant health in informal settlements. In Yangon Myanmar, I examined the 
association between the environmental site characteristics and pathogen loads to understand 
exposure associated environmental risks. Traditionally water and sanitation studies have been 
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carried out in rural areas. However, in a rapidly urbanizing world, understanding the impacts of 
water and sanitation interventions  in urban areas is a priority(8). Though children in urban areas 
typically present with better long-term outcomes, they are more prone to short term acute insults, 
such as diarrhea, than rural infants. In addition, in urban areas, the issue may not be sanitation 
and water access as traditionally defined for mostly rural areas, but rather the quality of provided 
utilities and the ability of often underprepared public utilities to meet the demands of rapidly 
expanding populations in dense urban centers. This calls into question if interventions and 
metrics are transferable between urban and rural areas. Furthermore, urban and rural 
environments are likely to be dominated by different pathogens. The urban environment is likely 
to be dominated by more persistent pathogens such as viruses but, have pathogen hotspots that 
may drive risk. Rural areas may present a more stable environment, dominated by less persistent 
pathogens such as bacteria. Beside the differences in pathogens, modes of contact with 
pathogens may differ between urban and rural areas, with most pathogen contacts in urban areas 
occurring in the highly contaminated community environment while in rural areas most pathogen 
contact would occur in a contaminated home environment (29).   
1.4. Dissertation Objectives 
The overarching goal of my dissertation is to use biological measures to quantify 
pathogen exposure, both in the environment and from stool samples. Chapter 2 focuses on the  
physiological evaluation of pathogen carriage in infants from Addis Ababa, Ethiopia, by 
examining the association between stool pathogen loads and a panel of biomarkers. Chapter 3 
focuses on understanding how water and sanitation exposures impact pathogen carriage and 
diarrheal prevalence in Addis Ababa, with a particular focus on understanding the role of utility 
provided water as potential driver of disease. In Chapter 4,  I examine environmental 
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characteristics that drive pathogen contamination in informal settlements in Yangon and 
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Understanding the Physiological Impact of Pathogen Carriage in Infants using 
Biomarkers. 
2.1. Introduction 
  Infant growth faltering remains a persistent concern in low- and middle-income countries 
(LMICs).  Approximately 165 million children under 5 years of age were stunted based on the 
height-for-age Z-scores (HAZ) of – 2 or lower(1). It has long been recognized that enteric 
infections are an important cause of growth faltering; however, the mechanisms by which 
frequent pathogen infections and the physiological responses to these infections result in poorer 
growth remain poorly understood.   
 One potential mechanism that holds promise is that repeated enteric infections cause 
abnormal small bowel physiology resulting in a chronic condition referred to as environmental 
enteric dysfunction (EED). EED has demonstrable histological features such as villous 
flattening, crypt hyperplasia and lymphocytic infiltration of the lamina propria coupled with 
chronic intestinal inflammation(2–6), that have been shown to have profound long-term effects 
such as stunting and growth faltering. EED can compromise the integrity of the gut and allow 
potentially pathogenic bacteria to cross the gut wall, triggering a chronic inflammatory 
process(7). Inflammation may directly down-regulate growth, and indirectly affect growth 
 
 
1 Chapter II is in the process of  revision for publication. 
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through appetite suppression(7,8). Because EED may compromise the integrity of the intestinal 
wall, an abnormally large number of white blood cells can infiltrate the gut, shunting an infant’s 
metabolism to maintaining a chronically stressed immune surveillance system(7)(9,10).  
 The gold standard for diagnosis of EED is the histological examination of intestinal 
tissue. However, because of the invasive nature of collecting biopsies from very young children, 
there have been concerted efforts to develop alternative tests. The more widely accepted non-
invasive tests are dual sugar absorption tests, with the most common one being the lactulose: 
mannitol (L:M) urine test. However, the L:M test is designed to measure intestinal permeability 
and provides no information on the immunological state of subjects(9,10). In addition, the L:M 
test is challenging to administer, and results are hard to compare across dosing and urine 
collection protocols and analytic platforms(11). 
 Other non-invasive biomarkers have been proposed. The most frequently reported panel 
is based on three protein stool biomarkers: alpha-1-antitrypsin (AAT), neopterin, and 
myeloperoxidase (MPO). Human alpha-1 antitrypsin is a water-soluble glycoprotein(12). During 
intestinal inflammation, AAT is extraverted into the gut and is therefore used as a biomarker of 
intestinal permeability and protein loss in EED(13). Neopterin is synthesized primarily by 
activated monocytes, macrophages, dendritic cells, and endothelial cells(14). It is therefore a 
marker of TH1 cell activation indicative of an adaptive immune response and has been used to 
diagnose autoimmune diseases such as celiac disease, considered a clinical and histopathological 
analog of EED(13). Finally, MPO is a marker of the neutrophil response. MPO has been 
correlated with disease activity in inflammatory bowel disease(13).  These three protein stool 
biomarkers, however, do not provide the necessary specificity to understand the physiological 
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implications of EED, but rather provide a broad readout of immune responses that are often 
difficult to causally ascribe to a particular exposure.  
  In an effort to provide improved specificity, mRNA transcripts specific for intestinal 
inflammation have recently been investigated(15–18).  Several features make these transcripts 
promising for the assessment of EED: 1) they are able to target and measure a range of intestinal 
processes related to the immune system much like AAT, neopterin, and MPO;  2) they are able 
to measure other non-immune processes such as epithelial state and nutrient absorption that are 
important indicators of EED; and 3) their use can be multiplexed, allowing for multiple markers 
to be measured simultaneously.  
 These mRNA transcripts have only been definitively described and measured for a single 
population of rural infants and children in Malawi, where they showed promise as indicators of 
EED based on their association with L:M test results and inflammatory indicators(15–18).  There 
remain a number of questions about the use of these biomarkers for the assessment of EED. Of 
particular interest is whether these biomarkers accurately measure the features of EED that are 
most critical to child health, even if they are accurate measures of close histopathological 
analogs.  
 An additional challenge in diagnosing EED is that there is growing evidence that EED is 
not a single syndrome, but the result of multiple contributing processes that may differ 
geographically(19). Biomarkers should therefore be chosen to capture specific aspects of gut 
health, such as enterocyte damage, to adequately capture the most critical facets of EED. In 
addition, asymptomatic pathogen carriage is common among young children living without 
access to improved water and sanitation, and therefore, the use of biomarkers that measure 
immunological responses may not be the best strategy, since asymptomatic pathogen carriage 
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often results in transient immune  activation(20,21). Asymptomatic, pathogen carriage still 
causes cellular and tissue damage, reinforcing the need for markers that provide cell and tissue 
specific measures of immune state and tissue integrity. It is also unclear what are the most 
relevant measures of child health, against which EED biomarkers should be evaluated. Currently, 
most studies rely on HAZ to evaluate EED, insofar as a biomarker that is associated with HAZ 
cross-sectionally, or predictive of changes in HAZ in the weeks-to-months following 
measurement, is considered ‘valid’. However, growth faltering is a long term, multi-path process 
and establishing causal links between growth faltering and specific exposures is non-trivial. 
Biomarkers levels, especially at the transcriptome level, are often dynamic, necessitating robust 
study designs to adequately capture the physiological responses that drive biomarker levels. A 
recent  study on the metabolome and its association with post-natal growth reported multiple 
metabolites associated with growth processes, but not metabolites associated with the 
physiological state of the gut(20). Similarly, a recently developed EED biomarker panel focused 
on evaluating micronutrient deficiencies and systemic infection but does not provide specific 
measures of gut integrity(22). Biomarkers that are associated with nutritional outcomes are not 
necessarily pertinent for the evaluation of EED or gut function, reinforcing the need for inclusion 
of gut specific biomarkers in panels, allowing for the evaluation of gut physiology at the tissue 
and cellular level.  
 In this chapter, we compare a panel of established fecal biomarkers (AAT, neopterin, and 
MPO) with 4 novel mRNA transcript biomarkers (sucrase isomaltase (SI),  caudal homeobox 1 
(Cdx1), S100A8 and mucin 12) to assess the added value of the novel biomarkers in informal 
settlements in Addis Ababa, Ethiopia. In this comparative analysis, two approaches were used. 
First, based on the literature we assign scores according to their biological role.  Second, we used 
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data reduction methods to assign biomarkers to categories. The association between the derived 
scores and stool pathogen gene loads was then assessed using linear models to determine 
pathogen specific effects on gut physiology and attendant immune responses. 
2.2. Materials and Methods 
2.2.1. Study Population 
Stool samples were collected in 2018 from 136 infants aged 6-23 months across 12 
informal settlements in Addis Ababa, Ethiopia. Informal settlements for the survey were selected 
based on the following criteria: 1) they had not been designated for redevelopment and residents 
were not being relocated to housing developments at the time of the study; and 2) the selected 
settlements would only be redeveloped in 2025, when Ethiopia is scheduled to achieve middle-
income status. Health Extension Workers were used to identify households with eligible infants. 
Households were then asked to respond to a survey on sanitation access, consent to the collection 
of anthropometric data and a stool sample.  
2.2.2. Selection of 4 stool-based mRNA transcripts 
 We selected 4 stool mRNA transcripts to evaluate based on the ability:  1) to mirror the 
neutrophil response measured by MPO; and 2) to inform non-inflammatory processes, 
particularly the ability to evaluate gut integrity. The four mRNA transcripts selected were: 
sucrase isomaltase (SI), caudal homeobox 1 (Cdx1), S100A8, and mucin 12. SI is located on the 
brush border membrane (BBM) of enterocytes where it is involved in the final step of starch 
digestion and can therefore be considered a marker of gut integrity(23). SI levels are reduced 
with mucosal injury but are relatively stable by race and age(24). Caudal homeobox proteins are 
global transcription factors, and a close homologue of Cdx1 has been shown to transactivate SI, 
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and Cdx1 can therefore be used as a marker of gut integrity along with SI(25). S100A8 is part of 
the heterodimeric protein, S100A8/A9 (calprotectin) and is found in the cytoplasm of neutrophils 
and monocytes and is therefore a marker neutrophil response(26). Eosinophils also upregulate 
their expression of S100A8 and S100A9 in colonic inflammation and colonic repair(27). Mucin 
12 is a membrane bound mucin constitutively expressed by enterocytes mainly in the colon and 
is therefore a potential marker of gut integrity along with SI and Cdx1(28,29). 
 The four transcriptomic biomarkers (SI, Cdx1, S100A8, and Mucin12) were selected for 
their ability to provide more specific cellular level readouts as transcriptome measurements are a 
measure of mRNA at the cellular level. Because these are cellular level measures, the presence 
of these biomarkers in stool is directly indicative of the presence of specific cell types in the 
stool. Though protein measurements are a better measure of gene expression and transcription, 
protein levels in stool are not indicative of the presence of cell types in stool. Specifically, SI, 
Cdx1, and Mucin12 mRNA transcripts are all indicative of the presence of enterocytes in the 
stool, with their expression levels being indicative of health of the enterocytes. S100A8 is 
indicates the presence of neutrophils in the stool and is therefore a measure of how many 
neutrophils have extravasated into the gut lumen, with higher S100A8 levels corresponding to 
the more acute infections. Given the measurement level, S100A8 may even be a more accurate 
measure of the neutrophil response than MPO.  
2.2.3. Stool Sample Processing 
  After collection, stool samples were catalogued and scored for consistency. Samples 
were stored at 4°C overnight before processing the following morning. One aliquot of the stool 
sample, to be used for ELISA biomarker measurements, was stored at -80°C. A second aliquot 
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was processed for nucleic acid extraction using the ZymoBiomics DNA/RNA Mini Kit (Zymo 
Research, Irvine, CA).   
2.2.4. ELISA biomarker measurements  
 ELISA’s for three biomarkers (AAT, Neopterin, and MPO) were run on-site at the 
Ethiopian Institute of Public Health as per the manufacturer’s instructions. AAT levels were 
determined using the Human Alpha-1-Antitrypsin ELISA from Biovendor Research and 
Diagnostic Products (Brno, Czech Republic) kit.  Neopterin levels were determined using the 
GenWay Biotech Inc. (San Diego, USA) Neopterin ELISA. MPO levels were measured using 
the IDK® MPO ELISA from Immunodiagnostik AG (Bensheim, Germany).  
2.2.5. Nucleic acid extraction 
 Standard kit protocol for nucleic acid isolation from fecal samples was used. Briefly, 
200mg of stool was weighed out and placed in screw cap microcentrifuge tubes containing the 
DNA/RNA Shield Lysis Buffer. The tubes were packed in leak proof containers for transport to 
the University of Michigan where DNA and RNA were extracted as specified in the 
manufacturer’s protocol within two months of sample collection. The quality and concentration 
of the extracted nucleic acids was measured using a Nanodrop Spectrophotometer (Thermo 
Scientific, Waltham, MA).  The DNA and RNA were used to detect mRNA transcripts and 
pathogens.  
2.2.6. Droplet Digital PCR Detection of mRNA Transcripts 
 Sample mRNA transcript loads were quantified using the QX200TM Droplet DigitalTM 
PCR (ddPCR) system (Bio-Rad, Hercules, CA) using duplexed FAM and VIC TaqMan assays. 
Assays were setup using the One-Step RT-ddPCR Supermix (Bio-Rad, Hercules, CA) containing 
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5µl Supermix, 2µl Reverse Transcriptase, DTT at 15mM, 1µl each of each 20 xTaqMan Gene 
Expression Assay (Applied Biosystems, Carlsbad, CA) and 60ng of template or sterilized water 
to bring the reaction volume to 20µl. Droplets were generated using the QX200TM AutoDGTM 
Droplet DigitalTM PCR system (Bio-Rad, Hercules, CA). 40µl of the generated droplets were 
loaded into a 96-well plate and sealed using a PX1TM plate sealer (Bio-Rad, Hercules, CA). 
Thermocycling conditions consisted of  60 min reverse transcription at 50°C, enzyme activation 
for 10 min at 95°C, followed by 40 cycles of denaturation at 94°C for 30 s, annealing and 
extension at 60°C for 1 min; followed by enzyme deactivation at 98°C for 10 min, and a 
continuous hold at 4°C. All samples were run on the C1000 TouchTM thermocycler (Bio-Rad, 
Hercules, CA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reactions were run 
separately for each sample for normalization of targets. 
2.2.7. Droplet Digital PCR Detection of Stool Pathogens 
 Pathogen loads were quantified using the QX200TM Droplet DigitalTM PCR system (Bio-
Rad, Hercules, CA). DNA assays were setup by combining 10µl of ddPCR Supermix for Probes 
(no dUTP), primers at 900nM, probes at 250 nM and 60ng of template DNA or sterilized water 
for no template controls. RNA assays were setup using the One-Step RT-ddPCR Supermix (Bio-
Rad, Hercules, CA) containing 5µl Supermix, 2µl Reverse Transcriptase, DTT at 15mM, primers 
at 900nM, probes at 250nM and 60ng of template RNA or sterilized water for no template 
controls. To set up rotavirus assays, samples were denatured at 95°C for 5 minutes and kept on 
ice prior to adding the RNA to the reaction.   Droplets were generated using the QX200TM 
AutoDGTM Droplet DigitalTM PCR system (Bio-Rad, Hercules, CA). 40µl of the generated 
droplets were loaded into a 96-well plate and sealed using a PX1TM plate sealer (Bio-Rad, 
Hercules, CA). Next the following 3 steps were taken:  1) For 40 cycles, DNA thermocycling 
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conditions consisted of enzyme activation at 95°C for 10 min; denaturation at 94°C for 30 s; 
annealing and extension at 58°C for 1 min.  2) Enzyme deactivation occurred at 98°C for 10 min; 
and 3) and a continuous hold at 4°C. RNA thermocycling conditions consisted of 1) 60 min 
reverse transcription at 50°C, 2) enzyme activation for 10 min at 95 °C, 3) 40 cycles of 
denaturation at 94°C for 30 s, 4) annealing and extension at 58°C for 1 min; 5) enzyme 
deactivation at 98°C for 10 min, and 6) a continuous hold at 4°C. All samples were run on the 
C1000 TouchTM thermocycler (Bio-Rad, Hercules, CA), with a lid temperature of 105°C, a 
sample volume of 40ul and a ramp rate of 2°C. On completion of the thermocycling, plates were 
read using the QX200TM Droplet Reader (Bio-Rad, Hercules, CA, USA) and QuantaSoftTM 
software (Bio-Rad, Hercules, CA). Samples were screened for seven bacteria (enteroaggregative 
E.coli (EAEC), enteropathogenic E.coli (EPEC), enterotoxigenic E.coli (ETEC),  shigatoxigenic 
E.coli (STEC), Shigella, Salmonella enterica,  and Campylobacter spp), three protozoans 
(Entamoeba histolytica, Giardia lamblia, and Cryptosporidium spp),  three helminths 
(Ancylstoma duodenale, Ascaris trichuris, and Stronyloides sterocalis), and two viruses 
(rotavirus and norovirus GI and GII). EAEC, EPEC and ETEC were each screened for two gene 
targets.  
2.2.8. Droplet Digital PCR Data Processing 
 All sample quantification was carried out using QuantaSoftTM software (Bio-Rad, 
Hercules, CA). Wells were checked and samples with <10,000 accepted droplets were rerun. To 
check the inter assay variability, 1/3 of the samples were randomly selected to be re-run for both 
mRNA transcript and pathogen quantification, and coefficients of variation (CV) were 
calculated. If more than 5% of re-run samples had CVs higher than 15%, all assays were rerun.   
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 The quantification of mRNA transcripts was carried out by visually setting thresholds to 
distinguish between negative and positive droplets(15,16). The concentration in each well was 
then normalized to GAPDH and results presented as Target/GAPDH ratios.  
 To quantify stool pathogen loads, the threshold for differentiating negative from positive 
droplets was defined as one standard deviation above the negative droplet threshold on the no 
template controls(30,31). Following the setting of the threshold, all wells were visually 
inspected. Wells with less than three positive droplets were considered negative. Final 
concentrations of gene copies per 200mg of stool were obtained by multiplying by appropriate 
dilution factors. Final concentrations were then converted to log10.  A value of 0.1 was added to 
zero values prior to log transformation. 
2.2.9. Development of Inflammation Scores and Statistical Analysis 
  Three different immunological/physiological scores were developed for our panel of 
biomarkers: 1) a ‘theory driven’ score using our full biomarker panel based on a histological 
score framework similar to that described by Liu et al. (2020) (Table 2-1)(19); 2) a “data 
derived” principal component analysis (PCA) score based on the three commonly used EED 
biomarkers: AAT, MPO, and neopterin; and 3) a  second “data derived” PCA score based on the 
full panel of biomarkers (Figure 2-1).  
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Figure 2-1:Framework for the derivation of the three biomarker scores presented in this chapter. 
 The ‘theory driven’ approach allows us to evaluate specific EED etiological processes 
based on the biological roles of selected biomarkers as reported in the literature. However, given 
the complexity of EED and poorly understood and complex relationships between the different 
biomarkers, this approach may subsume multiple etiologic processes into a single biomarker, 
especially with a small biomarker panel and sample. To obtain an infant’s score, biomarkers 
were sorted into quintiles and each quintile was assigned a grade ranging from 0 to 4. Infants 
were then categorized into a quintile for each biomarker and assigned a grade corresponding 
their quintile. Three score types were derived for each infant within theory driven approach using 
different subsets of biomarkers:  1) a “Health Score” derived by summing SI, Cdx1 and mucin 
12 grades for an infant. This score assessed enterocyte integrity. 2) An “Acute Inflammation 
Score” derived by summing an infant’s S100A8, MPO and AAT grades.  This score measured 
the neutrophil response; and 3) A “Chronic Inflammation Score” consisting of only of each 
infants neopterin grades, measuring the adaptive immune response (Figure 2-1).  
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 The two “data driven” scores were both PCA derived (Figure 2-1). The ‘data driven’ 
approach allows the operationalization of relationships in the data that may be missed in the 
‘theory driven’ approach. However, given the small sample size, spurious correlations in the data 
may influence the result. Given that a goal of our study was to evaluate whether it is possible to 
use fecal mRNA transcripts to measure gut specific processes, we did not specifically evaluate 
inter-biomarker associations. Future work with larger sample sizes will be needed to better 
evaluate any relationships between biomarkers. Prior to running PCAs, outliers were removed 
from the data and values standardized. Based on the Kaiser-Guttman rule and the Scree test, 
components were selected that explained at least 80% of the cumulative proportion of the 
variance. Factor loading values of > 0.4 or < -0.4 were used to select variables to be used in the 
creation of the score. An infant’s score was arrived at by summing the product of each biomarker 
value and its factor loading. Scores were then standardized around their means. The first data 
derived scores were only derived from MPO, AAT, and neopterin (Figure 2-1). The second 
series of data derived scores were derived from the full panel of biomarkers (Figure 2-1). Based 
on factor loading values, each series of scores consisted of an ‘Enterocyte Integrity’ score and 
inflammation scores that were classed as either, ‘Acute’, a measure the innate neutrophil 
response or ‘Chronic’, a measure of the adaptive immune response.  
 Correlation between biomarkers was assessed using Spearman correlation coefficients. 
The association between inflammation scores and stool pathogen loads was assessed using linear 
regression models. Models were always adjusted for the infant’s sex, age, and the consistency of 
the stool sample. All analysis was done using R version 4.0.3. PCA’s were performed using the 
FactoMineR package. 
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2.2.10. Ethical Approval 
 Ethical approval for sample collection and surveys was  granted by institutional review 
boards at the University of Michigan (HUM00115103), and the Addis Ababa University 
(IRB/029/2017). Parents or legal guardians gave verbal, informed consent prior to participation or 
collection of data.  
2.3. Results 
2.3.1. Descriptive Statistics 
Our sample of 136 were infants from 6 months to 2 years (mean = 14.35 months).  Most 
were male (58.82%) and most were partially breastfed (77.21%).  Only 6.61% of the infants 
were exclusively breastfeeding at the time of sampling. Most stool samples provided were 
formed (68.38%), with only 13.97% classified as liquid.  
 The mean LAZ and WAZ of the infants in our sample were -0.89 (SD=1.39) and -0.23 
(SD=1.12) respectively, showing that stunting and wasting were not major concerns in our study 
population (Table 2-2). 
MPO levels (mean=7080.21ng/mL, SD=12130.41) were measured in 134 stool samples, 
AAT levels (mean=596.42ng/mL, SD=617.67) were measured in 119 samples and neopterin 
levels (mean= 1509.34nmol/L, SD=1183.41) were measured in only 93 stool samples. Of the 
mRNA transcripts, S100A8 had the highest expression levels (mean= 10.68, SD=20.55) 
followed by mucin 12 (mean= 4.71, SD=6.29) and SI (mean= 2.62, SD=24.94). The transcription 
factor Cdx1 had the lowest expression levels (mean= 0.10, SD= 0.12) (Table 2-2). A comparison 
of our biomarkers values with previously reported studies is provided in Tables 2-3 to 2-9. In 
general, our values for MPO, AAT and neopterin were in-line with previously reported levels. 
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However, expression levels of 4 mRNA transcripts, SI, Cdx1, S100A8, and mucin 12 were 
notably higher than those reported in rural Malawian infants.  
2.3.2. Spearman Correlation Coefficients between Biomarkers 
 The strongest significant correlation between biomarkers was between MPO and AAT 
(Spearman Coefficient= 0.45) (Table 2-10). MPO also had weak significant correlations with 
S100A8 (Spearman Coefficient = 0.23) and mucin 12 (Spearman Coefficient = -0.20). The 
transcription factor, Cdx1, was also weakly correlated with SI (Spearman Coefficient = 0.30) and 
S100A8 (Spearman Coefficient = -0.17). The correlation coefficients in our study were stronger 
than those previously reported.  
2.3.3. Principal Component Analysis 
 The first “ data driven score” using the stool biomarkers AAT, MPO, and neopterin had 
two score types derived  based on the factor loading values.  The first is an Acute Inflammation 
Score measuring the neutrophil response with MPO (-0.69) and AAT (-0.64) having the highest 
factor loading values (Table 2-11). The second score is a Chronic Inflammation Score 
including only neopterin (-0.92).  
 The second “data driven score” utilizing the full panel of biomarkers allowed for five 
scores to be derived. The first were two chronic inflammation scores, Chronic Inflammation A 
score consisting of SI (0.44), AAT (0.49), and neopterin (0.50) and Chronic Inflammation B 
consisting of Cdx1(-0.41), mucin 12 (-0.63), and neopterin (0.62). Second, we had two acute 
scores, Acute Inflammation A consisting of Cdx1 (-0.40), S100A8 (0.46), and MPO (0.59) and 
Acute Inflammation B with Cdx1 (0.68) and S100A8 (0.49). The fifth was an Enterocyte 
Integrity score composed of SI (-0.59), mucin 12 (-0.47), and S100A8 (-0.49). 
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2.3.4. Associations between Stool Pathogen Loads and the Theory Derived Score 
 Linear regression models were used to examine association between stool pathogen loads 
and the ‘theory’ derived scores (Figure 2-2). In a linear regression model with the Enterocyte 
Integrity Score as the outcome and adjusted for all stool pathogens, infant age, breast feeding 
status and stool consistency, only Shigella was significantly associated with the score. Only 
S.enterica  was significantly associated with the Acute Inflammation Score. The Chronic 
Inflammation Score was significantly associated with EAEC_aaiC, EAEC_aatA, and Noro_GI. 





















c. Pathogen Gene Counts and the Chronic Inflammation Score 
 
Figure 2-2:Associations between the theory derived score and stool pathogen gene counts; (a) 
associations between stool pathogen gene counts and the enterocyte integrity score, (b) associations 
between stool pathogen gene counts and the acute inflammation score, and (c) associations between stool 
pathogen counts and the chronic inflammation score.  
2.3.5. Associations between Stool Pathogen Loads and the Data Derived PCA Score 1 
 Two scores were derived from the first data driven score consisting of MPO, AAT and 
neopterin (Figure 2-3). The Acute Inflammation score was only significantly associated stool 
Shigella gene counts. The Chronic Inflammation score was only associated with EAEC_aaiC 
and EAEC_aatA. Because of negative factor loading values, the associations were the opposite 





a. Pathogen Gene Counts and the Acute Inflammation Score 
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b. Pathogen Gene Counts and the Chronic Inflammation Score 
 
Figure 2-3:Associations between the ELISA derived scores and stool pathogen gene counts; (a) the 
association between pathogen gene counts and the acute inflammation score, and (b) the association 
between stool pathogen gene counts and the chronic inflammation score. 
2.3.6. Associations between Stool Pathogen Loads and the Full Panel Score 
 Five scores were derived from the full panel data derived score 2 (Figure 2-4). Enterocyte 
Integrity was only significantly associated with Shigella stool gene counts. The Acute 
Inflammation A score did not have any significant associations at the 0.05 level, while the Acute 
Inflammation B score was only associated with Shigella gene counts.  Chronic Inflammation A 
score was only associated with EAEC_aaiC, EAEC_aatA, and S.enterica  stool gene counts. The 






a. Pathogen Gene Counts and the Enterocyte Integrity Score 
       
 b. Pathogen Gene Counts and Acute Inflammation Score A 
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  c. Pathogen Gene Counts and Acute Inflammation Score B 
 





e. Pathogen Gene Counts and Chronic Inflammation Score B 
 
Figure 2-4: Associations between the full PCA data derived score and stool pathogen gene counts; a) 
association between the enterocyte integrity score and stool pathogen gene counts; b) association between 
the first acute inflammation score and stool pathogen gene counts; c) association between the second 
acute inflammation score and stool pathogen gene counts; d) association between the first  chronic 
inflammation score and stool pathogen gene counts; and e) association between the second chronic 
inflammation score and stool pathogen gene counts. 
2.4. Discussion 
 Our findings reinforce the concept that EED may be a non-specific syndrome that cannot 
be captured by a single catch-all definition but is rather the result of multiple overlapping 
responses to pathogen exposure, differing in time and physiological space(32). Nevertheless, the 
fact that multiple studies have linked existing biomarkers of EED, particularly MPO, to child 
growth, suggests that there is value in identifying biomarkers that can reliably characterize the 
facets of this syndrome that are most critical to child development(13,33). Our results also 
confirm the findings of Manary and colleagues in demonstrating that fecal mRNA transcripts 
have utility for the measurement of EED. They provide data in agreement with the data from 
fecal protein measurements, reflecting expected underlying biological processes. The utility of 
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fecal transcripts is the ability to measure specific cellular processes, providing a more complete 
picture of the overall gut immune process. Given the time scales that mRNA transcripts measure, 
they provide a more immediate snapshot of physiological and immune responses. They may be 
especially valuable in understanding dynamic processes such as pathogen infection and 
colonization. Given recent efforts to develop ‘panels’ of EED biomarkers(34,35), coupling 
panels with metabolic and transcriptomic approaches will be especially valuable.  
 Our ‘theory’ and ‘data’ derived scores largely agree. In both scores, biomarkers were 
grouped into three main score categories: enterocyte integrity, acute inflammation, and chronic 
inflammation. The inclusion of the fecal mRNA transcripts to score calculation provides more 
data on the systemic response to pathogen infection and colonization. Notably, the full panel 
score shows how Shigella infection not only elicits a strong neutrophil response, but also 
profoundly affects enterocyte integrity as shown by the negative association between Shigella 
gene stool loads and the Enterocyte Integrity score. We believe that the selected biomarkers 
detect the massive inflammatory response associated with apoptotic macrophages, infiltration of 
polymorphonuclear leukocytes and epithelial destruction that are characteristic of shigellosis(21). 
The inclusion of mRNA transcripts also informs on S.enterica, which  utilizes macrophages to 
spread systemically. This co-opting of the macrophage response could explain the association of 
S.enterica with neopterin in addition to its impact on overall gut structure(36). Our scores may 
also illustrate how pathogenic E. coli carriage may be the norm in highly contaminated settings. 
Both EAEC and ETEC are associated with chronic inflammation processes, and the differences 
in the direction of the associations by pathotype markers may indicate how these E.coli  
pathotypes transition from acute effects during the initial infection process to a down regulation 
of the hosts immune system during biofilm formation and colonization(21,37).  
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 Our mRNA transcript expression levels would indicate better gut health in our infants 
compared to infants in Malawi. The fecal protein biomarker measurements are in broad 
agreement with has previously been reported. The inflammation markers, MPO and neopterin, 
are marginally lower compared to other studies, while AAT levels were similar. AAT is a 
modulator of the neutrophil response and inhibits MPO,  and the higher ratio of AAT to MPO in 
our sample compared to that reported in other studies, maybe indicative of a more controlled 
immune response in our samples(38). The differences in agreement between the mRNA 
transcript and stool protein markers may also indicate how mRNA transcripts and protein 
biomarkers may be measure responses that differ physiologically and temporally. Though at the 
protein level infants may be broadly similar, the differences between our study and previously 
reported studies at the transcript level may indicate fundamentally different responses by infants 
to different pathogenic stressors,  but whose result is broad systemic inflammation. This 
reinforces the notion that EED, and systemic inflammation, are the endpoint of multiple 
physiological processes that may not only differ by region but also by the level of measurement. 
Specific biomarker panels to measure both specific cellular and physiologic processes and 
relevant EED endpoints need to be developed, rather than relying on panels that provide readouts 
of broad inflammatory end-states, whose causality is difficult to establish. The recently 
established causal relationship between duodenal microbiota and growth faltering will also help 
to identify metabolomic pathways to target for biomarker selection, both at the mRNA transcript  
and protein levels(6). 
 Overall, careful selection of biomarkers can help to inform our understanding of infection 
processes and how that these playout at the cellular and tissue levels. Biomarkers should be 
chosen to not only provide valid measures of long-term processes such as growth, but also 
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provide cell specific measures that help better understand the physiological responses to both 
transient insults and long-term asymptomatic pathogen carriage. Biomarker panels would ideally 
enable the differentiation of short-term physiological responses to transient infections from 
chronic end states such as EED. Alternatively, biomarker markers would enable the development 
of scales to identify where an infant is on what is likely a continuum of physiological responses, 
ranging from transient immune responses to chronic systemic dysregulation. The end goal of 
these biomarkers is to enable the precise evaluation of disease processes, provide information for 
therapeutic development and enable the development of lasting and sustainable solutions for the 
















Table 2-1: Derivation of the theory driven histological score based on indicators laid out in Liu 
et.al (2020). 




Quintiles of SI levels with 
highest quintile 
corresponding to Grade 0 
and lowest to Grade 4 
Sucrase Isomaltase (SI) is located on the 
brush border membrane (BBM) of the 
intestinal epithelium where it is involved 
in the final step of starch digestion. SI is 
produced in the cytoplasm of epithelial 
cells before being transported and 
localized to the BBM surface. SI levels 
should be indicators of overall 





Quintiles of AAT levels  
with the highest quintile 
corresponding to Grade 0 
and the lowest to Grade 4 
AAT is a  measure of disturbed barrier 
function related to intestinal 
inflammation. The transmigration of 
neutrophils through the epithelial 
barrier promotes the release of host 
defense proteins eventually resulting in 
mucosal damage from chronic 
inflammation. The breakdown of 
epithelial barrier function results in the 
presence of serum proteins such as AAT 
in stool.  
Paneth Cell Density 
MUC12 Enterocyte Injury 
Quintiles of Mucin 12 
expression with the 
highest quintile 
corresponding to Grade 0 
and the lowest to Grade 4 
MUC12 is part of the transmembrane 
mucins that forms the glycocalyx and is 
produced by enterocytes. MUC12 
expression decreases with enterocyte 
injury and should track with SI and CDX1. 
CDX1 Enterocyte Injury 
Quintiles of CDX1 
expression with the 
highest quintile 
corresponding to Grade 0 
and the lowest to Grade 4 
CDX1 is closely tied to enterocyte 
structure and may be involved in the 
transcriptional regulation of SI 
Neopterin 
Intraepithelial 
Lymphocytes Quintiles of Neopterin 
expression with the 
highest quintile 
corresponding to Grade 0 
and the lowest to Grade 4 
Neopterin is a good marker of general 
inflammation as well as the presence of 
activated immune cells 
Chronic Inflammation 
of Lamina Propria 
MPO Acute Inflammation 
Quintiles of MPO 
expression with the 
highest quintile 
corresponding to Grade 0 
and the lowest to Grade 4 
MPO is  marker of the short term rapid 
innate immune response which typically 
represents the first of line of defense 
against pathogens and injury.  MPO is 
secreted by neutrophils 
S100A8 Eosinophil Infiltration 
Quintiles of S100A8 
expression with the 
highest quintile 
corresponding to Grade 0 
and the lowest to Grade 4 
S100A8 is also a marker of acute 
inflammation and is secreted by both 
neutrophils and eosinophils depending 
on the healing/injury state. 
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Table 2-2: Selected demographics characteristics and descriptive statistics of infants and 
biomarker levels. 
 N Mean SD 
 
Minimum Maximum  
Median (25th, 75th 
percentiles) 
LAZ 136 -0.89 1.39  -4.75 1.98   -0.89 (-1.90, 0.12) 
WAZ 136 -0.23 1.12  -2.56 3.03 -0.38, (-1.03, 0.43) 
MPO, ng/mL 134 7080.21 12130.41  137.40 102498.70 2970 (1382.9, 8563.4) 
Neopterin, nmol/L 93 1509.34 1183.41  4.40 4635.60 1166.3 (576.1, 2176.4) 
AAT, ng/mL 119 596.42 617.67  14.58 3915.67 411.64 (205.38, 753.33) 
SI 136 2.62 24.94  0.00 288.18 0.027 (0.00, 0.087) 
CDX1 136 0.10 0.12  0.00 0.69 0.070(0.027, 0.13) 
MUC12 136 4.71 6.29  0.00 41.15 2.34 (1.15, 5.52) 
S100A8 136 10.68 20.55  0.04 183. 17 4.48 (2.23, 13.45) 
 
 
Table 2-3: Comparison of study Myeloperoxidase levels with previously reported levels. 
Biomarker Data Set N Mean +/- SD Min Max 






12130.41 137.4 102498.7 
2970 (1382.9, 
8563.4) 
Colston et al (2017) 4064 12482.8 0 111145.7 - 




4799.5)*       
Arndt et al (2016) 
1185       
3354.9 (1594.9, 
7430.1) 
Kosek et al (2013)-
Bangladesh - - - - 
8838.23 (4552.95, 
15020.98) 
Kosek et al (2013)-Brazil - - - - 
6847.91 (3884.41, 
12452.19) 
Kosek et al (2013)-India - - - - 
14574.97 (6093.03, 
27507.40) 
Kosek et al (2013)-Nepal - - - - 
14484.40 (7499.47, 
25317.29) 
Kosek et al (2013)-Peru - - - - 
11623.52 (5765.75, 
21883.94) 
Kosek et al (2013)-
Pakistan - - - - 
8452.01 (3950.82, 
12868.78) 
Kosek et al (2013)-South 
Africa - - - - 
16284.92 (6530.56, 
25171.11) 
Kosek et al (2013)-
Tanzania - - - - 
17949.77 (9612.64, 
2633.81) 
Kosek et al (2013)-
Overall - - - - 
11118.88 (5650.46, 
20526.33) 





Table 2-4: Comparison of study AAT levels with previously reported levels. 
Biomarker Data Set N Mean +/- SD Min Max 





119 596 +/- 617.67 14.58 3915.67 
411.64 (205.38, 
753.33) 
Colston et al (2017) 4169 598.3 0.4 6337.8 - 
Kosek et al (2013)-
Bangladesh - - - - 470 ( 250, 820) 
Kosek et al (2013)-Brazil - - - - 290 (140, 620) 
Kosek et al (2013)-India - - - - 590 (290, 1120) 
Kosek et al (2013)-Nepal - - - - 590 (310, 1120) 
Kosek et al (2013)-Peru - - - - 600 (310, 990) 
Kosek et al (2013)-
Pakistan - - - - 230 (120, 0.52) 
Kosek et al (2013)-South 
Africa - - - - 250 (190, 630) 
Kosek et al (2013)-
Tanzania - - - - 310 (180, 610) 
Kosek et al (2013)-





























Table 2-5: Comparison of study Neopterin levels with previously reported levels. 
Biomarker Data Set N Mean +/- SD Min Max 







1183.41 4.4 4635.6 
1166.3 (576.1, 
2176.4) 
Colston et al (2017) 3892 2902.2 4.1 73505.9 - 
Campell et al (2017) 
502 
767.4 (716.5, 
821.8)*       
Arndt et al (2016) 
1190       
1017.6 (366.2, 
2210.8) 
Kosek et al (2013)-
Bangladesh - - - - 
1422.35 (741.38, 
2237.37) 
Kosek et al (2013)-Brazil - - - - 
2385.39 (1895.55, 
3303.96) 
Kosek et al (2013)-India - - - - 
2009.31 (1417.08, 
2969.13) 
Kosek et al (2013)-Nepal - - - - 
1413.73 (1008.67, 
2179.72) 
Kosek et al (2013)-Peru - - - - 
1884.87 (1396.77, 
2827.90) 
Kosek et al (2013)-
Pakistan - - - - 
2076.65 (1305.33, 
3820.75) 
Kosek et al (2013)-South 
Africa - - - - 
3997.17 (2492.34, 
5830.18) 
Kosek et al (2013)-
Tanzania - - - - 
1748.40 (1155.42, 
2960.52) 
Kosek et al (2013)-
Overall - - - - 
1846.68 (1171.39, 
2997.85) 
   * GM (95% CI)    
 
 
Table 2-6: Comparison of study transcript expression levels and expression levels previously 
reported in Malawian infants with varying L:M ratios. 
Transcript 
Ethiopian Infants 
Agapova et al. (2013) 
Normal L:M Increased L:M 
Mean Median (25th, 75th percentiles) Mean Median Mean Median 
SI 2.62 0.027 (0.00, 0.087) 0.0086 0.0103 0.008 0.5598 
Cdx1 0.10 0.070( 0.027, 0.13)         
S100A8 4.71 2.34 (1.15, 5.52) 0.7252 1.5854 0.2747 0.4888 








Table 2-7: Comparison of study transcript expression levels previously reported expression 
levels in Malawian infants. 
Transcript 
Ethiopian Infants Stauber et al. (2016) Ordiz et al. (2016) 
 
Mean 
Median (25th, 75th 
percentiles) 
Median (25th, 75th 
percentiles) Mean 
Median (25th, 75th 
percentiles) 
 
SI 2.62 0.027 (0.00, 0.087) 0.017 (0.008, 0.036) 0.114 0.017 (0.008, 0.036)  
Cdx1 0.10 0.070( 0.027, 0.13) 0.026 (0.016, 0.042) 0.047 0.027 (0.016, 0.042)  
S100A8 4.71 2.34 (1.15, 5.52) 0.386 (0.154, 1.169) 0.979 0.386 (0.154, 1.169)  




Table 2-8: Comparison of study transcript expression levels with expression levels in Malawian 
infants aged less than 12 months and 12-61 months. 
Transcript 
Ethiopian Infants 
Ordiz et al. (2018) 
Children <12 month Children 12–61 months 
Mean 
Median (25th, 75th 
percentiles) Mean 
Median (25th, 75th 
percentiles) Mean 
Median (25th, 75th 
percentiles) 
SI 2.62 0.027 (0.00, 0.087)         
Cdx1 0.10 0.070( 0.027, 0.13) 0.024 0.018 (0.012, 0.029) 0.047 0.027 (0.016, 0.042) 
S100A8 4.71 2.34 (1.15, 5.52) 1.927 1.406 (0.472, 2.304) 0.979 0.386 (0.154, 1.169) 




Table 2-9: Comparison of study transcript expression levels with those of Malawian infants with 




Severe EED Children no or moderate EED 
Mean 
Median (25th, 75th 
percentiles) Mean 
Median (25th, 75th 
percentiles) Mean 
Median (25th, 75th 
percentiles) 
SI 2.62 0.027 (0.00, 0.087)         
Cdx1 0.10 0.070( 0.027, 0.13) 0.02 0.018 (0.010, 0.025) 0.027 0.019 (0.013, 0.031) 
S100A8 4.71 2.34 (1.15, 5.52) 2.09 1.33 (0.38, 2.36) 2.68 1.10 (0.50, 2.55) 











Table 2-10: Spearman correlation coefficients between biomarkers. Coefficients significant at 
the 0.05 level are bolded. 
  SI S100A8 MUC12 CDX1 AAT MPO Neopterin 
SI 1.00             
S100A8 -0.02 1.00           
MUC12 0.07 0.17 1.00         
CDX1 0.30 -0.17 0.08 1.00       
AAT -0.12 0.02 0.04 -0.06 1.00     
MPO -0.15 0.23 -0.20 -0.07 0.45 1.00   
Neopterin -0.01 -0.19 -0.20 0.04 0.07 0.02 1.00 
 
Table 2-11: Factor loading scores for the PCAs used to derive the two data driven scores. 
















MPO -0.69 0.08 0.32 0.59 -0.09 0.14 0.36 
AAT -0.64 0.38 0.49 0.33 -0.09 0.28 -0.27 
Neopterin -0.33 -0.92 0.50 0.00 0.62 0.01 0.07 
SI     0.44 -0.39 0.15 -0.59 0.12 
CDX1     0.22 -0.40 -0.41 0.31 0.68 
MUC12     0.29 0.11 -0.63 -0.47 -0.28 
S100A8     -0.28 0.46 0.10 -0.49 0.49 
Standard deviation 1.24 0.98 1.22 1.16 1.08 0.99 0.92 
Proportion of Variance 0.51 0.32 0.21 0.19 0.17 0.14 0.12 
Cumulative Proportion 0.51 0.83 0.21 0.40 0.57 0.71 0.83 
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Understanding the Impact of Water and Sanitation on Child Health in Informal 
Settlements in Addis Ababa, Ethiopia. 
3.1. Introduction 
 Recent work in urban areas highlights that new paradigms are necessary for urban  water, 
sanitation, and hygiene (urban-WASH) interventions. In densely populated urban areas, overall 
fecal contamination is decoupled from traditional WASH indicators, suggesting that only 
transformational community wide interventions will be effective(1). An understanding of the 
interplay between utility provided water, sanitation technologies, and health is an important step 
in evaluating the type of transformational interventions that maybe necessary to improve urban-
WASH.  To this end, we conducted a WASH survey in informal settlements and evaluated the 
quality of utility provided water in Addis Ababa, Ethiopia.  
 The bulk of WASH studies have been conducted in rural areas, however given current 
rates of urbanization, 68% of the global population is expected to be urban by 2050, it is 
important to develop a better understanding of the kind of WASH interventions that are effective 
in dense, resource poor urban areas(2). In addition, it is not clear what lessons from rural WASH 
interventions can be transferred to urban settings. For example, in rural areas, a focus area has 
been to ensure that all households have access to a clean water source within a reasonable 
 
 
2 Chapter III is in the process of  revision for publication. 
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distance and improved sanitation within a family compound(3). However, in urban areas, 
especially informal settlements,  it may be more important to support public utilities to ensure 
that water of adequate quality is continuously provided, and central sewerage systems are built to 
safely dispose of excreta(3). However, central sewerage systems are not always an option, and 
data on their effectiveness is limited(3). 
 The goal of sanitation interventions is to eliminate or decrease pathogen input into the 
environment, depleting the environmental pathogen pool and decreasing the transmission 
potential. However, how to effectively implement sanitation technologies that interrupt 
transmission in heavily contaminated urban areas is still unclear. By their very nature, urban 
areas and especially informal settlements are characterized by extremely high population 
densities, resulting in a highly contaminated environment, which may be resistant to household 
level sanitation interventions if not done at scale. Informal settlements in urban areas therefore 
present a unique challenge, and traditional sanitation interventions may have to be adapted to the 
unique challenges that urban areas in low- and middle-income countries (LMICs) present.   
 Though the effectiveness of sanitation interventions in urban areas is unclear, the 
effectiveness of water interventions in reducing disease burden among urban populations has 
been known for more than a century(4). However, in the majority of cities in LMICs, water is 
supplied on an intermittent basis, with different parts of a city receiving water on a rotating 
basis(5). Intermittent water supply systems pose a higher disease risk because: 1) intermittent 
supplies are subject to increased microbial contamination by intrusion of outside matter during 
low pressure events; 2) microbial regrowth can occur in the distribution system during stagnant 
periods; 3) bacterial biofilms may scour off during repressurization; and 4) end users are forced 
to find alternative water sources during interruptions(6–9).  The few studies that have looked at 
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the disease risks associated with intermittent water supply found that even short-term 
interruptions in systems with continuous supplies have been associated with diarrheal illness  and 
in systems prone to interruption, longer water outages have been associated with an increased 
risk of diarrheal illness(10–14).  
 In addition, many water utilities in LMICs fail to properly disinfect water and maintain 
adequate disinfectant residual in the distribution system(15). The WHO recommends a chlorine 
residual of between 0.2-0.5mg/L be maintained in the distribution system, with this residual 
being especially important to ensure that there is no recontamination during the distribution or 
transport to the end user(15). An added challenge in maintaining chlorine residuals is that they 
generally decline with distance from the treatment plant with the rate of depletion affected by 
water flow velocity, residence time, pipe material and water pressure(15,16). However even with 
the maintenance of an adequate chlorine residual, the chlorine cannot protect from all pathogens, 
and can be over overcome by high concentrations of introduced contaminants(15,17). The 
maintenance of adequate residuals takes on an additional importance in intermittent systems 
where end users collect water for storage when water is available. Low chlorine residuals will 
drop below the recommended range during even short storage intervals, increasing the risk of 
water recontamination and bacterial growth in the water and storage containers(18,19). Another 
often over-looked shortcoming in many utilities is inadequate source water protection. Source 
water protection ensures lower pathogen loads in water taken in for treatment and ensures that 
pathogens resistant to disinfectant such as Cryptosporidium, are less likely make it into the 
distribution system. 
 Given the potential for failure at multiple points in the water distribution, implementing a 
multi-barrier approach (MBA) in the management of water distribution systems is crucial. The 
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MBA is an integrated multi-step system, with each step in the system designed to incrementally 
improve water quality. Steps in the MBA approach can be customized for the situation at hand 
and be implemented either centrally at a water utility or at the household level. The flexibility of 
the afforded by the MBA approach makes it especially useful for implementation in low resource 
settings where interventions must be customized to local conditions to ensure compliance and 
effectiveness.   
 From 2015 to 2019, we conducted a series of studies to evaluate the quality of utility 
water in Addis Ababa, Ethiopia. We conducted a WASH survey of 712 households in informal 
settlements to gauge 2-week diarrheal prevalence in infants aged 6-23 months and collected stool 
samples from a subset of infants . Water quality was gauged using indicator loads, chlorine 
residuals and high throughput sequencing. Infant stool samples were screened for a range of 
pathogens using droplet digital PCR (ddPCR). The aims of our study were to: 1) evaluate the 
quality of utility provided water in Addis Ababa using bacteriological indicators; 2) examine the 
how the distribution system characteristics impact bacterial communities; 3) examine the 
association between water quality, sanitation, and infant diarrheal prevalence; and 4) evaluate the 
association between water quality, sanitation, and  pathogen carriage in infants in informal 
settlements. 
3.2. Material and Methods 
3.2.1. Study Site 
Addis Ababa has an average  elevation of 2,355m above sea level and has two rainy 
seasons: June to September and November to January. Addis Ababa was estimated to have a 
population of 3.2 million in 2015, accounting for 17% of Ethiopia’s urban population(20). Only 
10% of the people had access to a central  sewerage system and 72% of residents did not have 
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access to adequate toilet facilities(20). It is however reported that 99% city inhabitants have access 
to a piped water source(20). 
3.2.2. Water Sources and Treatment Plants 
 The city largely relies on surface and groundwater as the main water sources for drinking, 
domestic and industrial purposes. There are two surface water treatment plants, Legedadi and 
Gefersa, that together provided 52% of the city’s treated water at the time this study was 
completed(21). The Legedadi water treatment plant was established in 1970 and  is located 30 
km northeast of the city center(21). It is the largest of the surface water treatment plants with a  
capacity of 195,000 m3/day and delivered about 47% of the daily distributed drinking water for 
Addis Ababa in 2016(21). The Gefersa water treatment plant was established in 1940  and is 
located 20 km northwest of the city center(21). It has a capacity of 30,000 m3/day and provided 
only 7% of the city’s distributed drinking water in 2016(21). Both treatment plants use 
conventional treatment that includes pre-chlorination, coagulation, flocculation, sedimentation, 
sand filtration and post-chlorination, with a goal of maintaining an average chlorine residual of 
0.8 mg/l in the distribution system(22). 
3.2.3. Collection of Water Samples from the Distribution System 
In 2015, a total of 38 water samples were collected from several locations from source to 
tap along both the Legedadi (n=22) and Gefersa (n=16) water distribution systems(22). For both 
the Gefersa and Legedadi distribution systems, samples were collected at the following points: 1) 
source water taken up by the treatment plants; 2) treated drinking water prior to being fed into 
distribution lines; 3) large, utility-maintained storage tanks in the distribution system that stored 
treated water ; 4) taps inside buildings; and 5) storage tanks at buildings(22). The number of 
samples by  sampling point and water distribution system is provided in Table 3-1, along with 
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distances from the respective treatment plants. Water samples were collected in autoclave 
sterilized glass bottles supplemented with sodium thiosulfate to quench residual chlorine. Prior to 
sample collection water was run for 10 minutes to avoid capturing stagnant water(22).  For culture-
based analysis of water quality, 1L of water was collected, while for high throughput sequencing, 
2L of water was collected(22). 
3.2.4. Chemical and Microbiological Analysis of Distribution System Water Samples  
Samples were field tested for temperature, pH, conductivity, and total dissolved solids  
(TDS) using a portable multiparameter meter or a portable pH meter (Oakton Instruments, Vernon 
Hills, IL USA). Free residual chlorine was measured in the field using the HACH DPD 
colorimetric method with a HACH DR890 colorimeter (Hach, Loveland, CO USA). 
 Microbial water quality was evaluated by measuring heterotrophic plate count (HPC), total 
coliform (TC) and fecal coliform (FC). All three were measured using the membrane filtration 
technique using and 0.45 µm gridded cellulose acetate membranes based on protocols described 
in Standard Methods(23–25). Samples for HPC analysis were diluted prior to filtration by adding 
1mL of a drinking water sample to 99 mL of phosphate buffered solution and mixing by repeated 
inversion in sterile dilution bottles before vacuum filtering(22). The membrane was placed into a 
sterile petri dish containing R2A media and incubated at 28°C for five days(22).  All cream-colored 
colonies were counted with a digital colony counter; results are given in units of CFU/ml(22).  The 
enumeration of both TC and FC was done using three replicates of 100ml of undiluted sample 
vacuum filtered onto the gridded membranes(22). Membranes were transferred from the filtration 
rig using sterile forceps onto a sorbent pad saturated with membrane lauryl sulphate broth 
(MLSB)(22). Plates were incubated at 37°C for 4 hours to give cells time to recover from 
filtration(22). Plates  TC  counts were incubated at 37°C for 24 hours while, plates for FC counts 
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were incubated at 45°C for 24 hours(22). All yellow colonies were counted using a digital colony 
counter; results are given in units of CFU/100 mL(22). 
3.2.5. DNA Extraction from Distribution System Water Samples and  High Throughput 
Sequencing 
Two liters of water per location were filtered through a polycarbonate membrane filter 
(0.22 µm EMD Millipore™ GTTP02500) and frozen immediately. All filtered samples were 
shipped frozen via overnight courier service to the Environmental Biotechnology Laboratory at 
the University of Michigan (UM), USA, and arrived frozen. Each membrane filter was cut into 
four equally sized pieces using a sterile knife and placed into a single vial to facilitate DNA 
extraction. Total genomic DNA was extracted from each vial using a Power Soil DNA Isolation 
Kit (MoBio Laboratories, Carlsbad, CA) following the manufacturer's protocol and instructions. 
The extracted DNA was resuspended in a total volume of 50µl and prepared for high throughput 
sequencing. The concentration and purity of the extracted DNA was determined using a 
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and 
stored at -20°C until sequencing.  
Extracted DNA was submitted for sequencing at the University of Michigan’s sequencing 
core where Illumina MiSeq was performed with 2x250 paired-end chemistry. An amplicon 
library was generated for the V4 region of the 16S rRNA gene after two step amplification of the 
DNA fragment using universal dual index primers(26). 
3.2.6. WASH Survey in Informal Settlements to Evaluate 2-Week Diarrheal Prevalence in Infants 
 In 2018, a  WASH survey was conducted in 12 informal settlements spread north to south 
in Addis Ababa (Figure 3-1). Informal settlements for the survey were selected based on the 
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following criteria: 1) they had not been designated for redevelopment and residents were not 
being relocated to housing developments at the time of the study; and 2) the selected settlements 
would only be redeveloped in 2025, when Ethiopia is scheduled to achieve middle-income 
status. 
 
Figure 3-1: Locations of informal settlements and water treatment plants. Also shown is the 2-week 
diarrheal prevalence in each of the informal settlements.  
Data on self-reported diarrheal disease, demographics, household assets, sanitation 
practices, food security, nutritional diversity, and anthropometry on a single index child in selected 
households was collected. Prior to the start of the main survey, health extension workers were 
recruited to carry out a census to identify households with infants aged 6-23 months. The survey 
was administered to 712 households located in the 12 informal settlements.  Households from the 
census were then randomly selected for inclusion in the study.  The number of households surveyed 
by location ranged from 50 to 74. 
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3.2.7. Infant Stool Sample Collection 
136 infant fecal samples from the 12 study sites were collected. Stool samples were 
collected by giving selected households stool collection containers during the survey and 
requesting that they collect the index infant’s stool over the course of the day. The collection 
containers were picked up in the late afternoon and stored at 4°C prior to processing the following 
day. 
3.2.8. Nucleic Acid Extraction from Stool Samples 
Nucleic acids  were extracted using the ZymoBiomics DNA/RNA Mini Kit (Zymo 
Research, Irvine, CA).  Standard kit protocol for nucleic acid isolation from fecal samples was 
used. Briefly, 200mg of stool was weighed out and placed in screw cap microcentrifuge tubes 
containing the DNA/RNA Shield Lysis Buffer. The tubes were packed in leak proof containers for 
transport to the University of Michigan where DNA and RNA were extracted as specified in the 
manufacturer’s protocol within two months of sample collection. The quality and concentration of 
the extracted nucleic acids was measured using a Nanodrop Spectrophotometer (Thermo 
Scientific, Waltham, MA).  Both DNA and RNA were used for pathogen identification. 
3.2.9. Droplet Digital PCR 
 Pathogens screens used the QX200TM Droplet DigitalTM PCR (ddPCR) system (Bio-Rad, 
Hercules, CA). DNA assays were setup by combining 10µl of ddPCR Supermix for Probes (no 
dUTP), primers at 900nM, probes at 250 nM and 60ng of template DNA or sterilized water for 
no template controls. RNA assays were setup using the One-Step RT-ddPCR Supermix (Bio-
Rad, Hercules, CA) containing 5µl Supermix, 2µl Reverse Transcriptase, DTT at 15mM, primers 
at 900nM, probes at 250nM and 60ng of template RNA or 4µl of sterilized water for no template 
controls. Prior to setting up Rotavirus assays, samples were denatured at 95°C for 5 minutes and 
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kept on ice prior to adding the RNA to the reaction.   Droplets were generated using the 
QX200TM AutoDGTM Droplet DigitalTM PCR system (Bio-Rad, Hercules, CA). 40µl of the 
generated droplets were loaded into a 96-well plate and sealed using a PX1TM plate sealer (Bio-
Rad, Hercules, CA). DNA thermocycling conditions consisted  of enzyme activation at 95°C for 
10 min; denaturation at 94°C for 30 s; annealing and extension at 58°C for 1 min; for 40 cycles, 
followed by enzyme deactivation at 98°C for 10 min, and a continuous hold at 4°C. RNA 
thermocycling conditions consisted of   60 min reverse transcription at 50°C, enzyme activation 
for 10  min at 95 °C, followed by 40 cycles of denaturation at 94°C for 30 s, annealing and 
extension at 58°C for 1 min; followed by enzyme deactivation at 98°C for 10 min, and a 
continuous hold at 4°C. All samples were run on the C1000 TouchTM thermocycler (Bio-Rad, 
Hercules, CA), with a lid temperature of 105°C, a sample volume of 40ul and a ramp rate of 2°C. 
On completion of the thermocycling, plates were read using the QX200TM Droplet Reader (Bio-
Rad, Hercules, CA, USA) and QuantaSoftTM software (Bio-Rad, Hercules, CA). Samples were 
screened for eight bacteria (enteroaggregative E.coli (EAEC), enteropathogenic E.coli (EPEC), 
enterotoxigenic E.coli (ETEC),  shigatoxigenic E.coli (STEC), Shigella, Salmonella enterica, 
Campylobacter spp,  and Enterococcus faecalis), three protozoans (Entamoeba histolytica, 
Giardia lamblia, and Cryptosporidium spp),  and two viruses (rotavirus and norovirus GI and 
GII). EAEC, EPEC and ETEC were each screened for two gene targets and the detection of 
either gene target was counted as a positive.  
3.2.10. Droplet Digital PCR Data Processing 
 Samples were screened as described previously(27–29). All sample quantification was 
carried out using QuantaSoftTM software (Bio-Rad, Hercules, CA). Wells were checked and 
samples with <10,000 accepted droplets were rerun. To check the inter assay variability, 1/3 of 
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the samples were randomly selected to be re-run for both mRNA transcript and pathogen 
quantification, and coefficients of variation (CV) were calculated. If more than 5% of re-run 
samples had CVs higher than 15%, all assays were rerun.  
3.2.11. Chlorine Decay Analysis of Distribution System Water 
In 2019, residual chlorine measurements from standpipes and storage containers in two 
informal settlements were obtained using a Hach colorimeter. A total of 42 samples were collected.  
Standard protocol was followed except for not rinsing the vial with deionized water prior to each 
reading. Standpipes were not flushed, but  instead a 100 mL graduated cylinder was filled and then 
used to wash out the vial three times before filling the vial for measurement.  
Samples for testing chlorine decay rate constants were taken only from standpipes currently 
receiving water from the system. We sought to test at a location in pipes before they entered the 
community and then at the different endpoints of that branch. This was to test for a significant 
difference between the concentrations and decay rate constants along the distribution network.  
 Samples for K-tests were collected in 1L glass bottles. Prior to use, each bottle was 
thoroughly washed with soap and water and then left to dry. Upon collecting a sample for a K-
test, the chlorine concentration was taken using the Hach colorimeter. Thereafter the chlorine 
concentrations using a Hach colorimeter were taken approximately every three hours except 
during the night. Samples were stored in the dark at room temperature. Chlorine residual values 
were then plotted against time with t=0 being the time of the first sample. The equation used to 








) =  −𝑘 ∗ 𝑡 
Where:  
C = chlorine concentrations (mg/L) 
C0 = initial chlorine concentration (mg/L) 
k = chlorine decay rate constant (hrs^-1) 
t = time (hrs) 
 Chlorine decay analysis was performed using the Microsoft Excel package.  
3.2.12. Bioinformatic Analysis 
 Forward and reverse reads were processed using the DADA2 R-package(30,31). Forward 
and reverse reads were truncated at 240 and 200 nucleotides respectively. Paired-end reads were 
then merged, and chimeras removed. Taxonomy was assigned based on the Ribosomal Database 
Project (RDP) Training set (Version 16)(32). Further down downstream analysis was performed 
using the  phyloseq package in R version 4.0.3(33). Beta-diversity was  analyzed via PCoA using 
the Bray-Curtis dissimilarity index and the association between the water systems and sample 
collection points was evaluated using Adonis in the Vegan Package in R version 4.0.3(34). 
Alpha diversity was analyzed using the Shannon and Simpson indices(35–38). 
3.2.13. Bacteriological Analysis 
 Descriptive statistics of selected variables are presented as either the mean and standard 
deviation or a percentage of the total.  Mean colony counts and Wilcoxon Rank Sum Tests were 
used to assess differences in variables in the distribution water samples. 
 Outcome variables for the distribution water quality analysis were as follows: 1) log10 
heterotrophic plate count, 2) log10 total coliform count, and  3) log10 fecal colony count. Exposure 
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variables included the water treatment plant supplying the water, collection point, free chlorine 
levels, temperature, TDS, pH, and distance from the treatment plant. 
3.2.14. Survey Analysis 
The two outcomes for survey analysis were two- week diarrheal prevalence and pathogen 
diversity. Diarrhea was defined as three or more loose, watery, or bloody stools in a 24-hour period, 
while pathogen diversity was defined as the sum of unique pathogen types detected  in a single 
stool sample.  
Two-week diarrheal prevalence was treated as a binary variable and  was evaluated using 
a multi-level logistic regression model with informal settlements included as a random effect. The 
primary exposure variables were household water source, water treatment type and  household 
sanitation type. Additional covariates were included based on prior knowledge of their association 
with diarrheal prevalence and were further evaluated using bivariate analysis between each 
variable the primary outcome before final inclusion in the model. Socioeconomic status (SES) 
variables included the level of education of the primary caregiver, household income, dwelling 
ownership, and residency status. Infant age, water intermittency, and household income were 
standardized prior to inclusion in the model.  
A Poisson model with robust error variance was used the asses the association between 
pathogen diversity and all outcome variables while controlling for the confounders. We looked at 
pathogen diversity as measure of overall pathogen exposure.  The final model was arrived as 
described above. 
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 All statistical  analysis was done using R version 4.0.3. The multilevel logistic model was  
fit using the lme4 package and the Sandwich package was used to obtain robust standard errors for 
the Poisson model(39–41).  
3.2.15. Human Subjects Approval 
 Study protocols were approved by institutional review boards at the University of Michigan 
(HUM00115103), and the Addis  Ababa University (IRB/029/2017). Parents or legal guardians 
gave verbal, informed consent prior to participation or collection of data.  
3.3.  Results 
3.3.1.  Bacteriological and Physical Analysis of Water Quality by Distribution System 
A total of 38 water samples were collected from source to tap along both the Legadadi 
(N=22) and Gefersa (N=16) water distribution systems. The samples comprised two source  water 
samples at each of the plants and two samples of finished water before the water entered the 
distribution system, 12 water samples taken at taps, 13 water samples from household tanks, and 
nine water samples from utility storage reservoirs. HPCs were significantly different between the 
Legedadi and Gefersa systems (7453.33 cfu/ml and 16450 cfu/ml respectively, p-value=0.03). 
Similarly, the total of number of coliforms was significantly different between the Legedadi and 
Gefersa distribution systems (16.33 cfu/100ml and 101.33 cfu/100ml respectively, p-
value=0.008). Distances to taps were also significantly different between the Legedadi and Gefersa 
systems (21.53km and 13.50km respectively, p-value=0.03). Household storage tanks were also 
on average closer to the treatment plant in the Gefersa system compared to the Legedadi system. 
Summary statistics for all variables are presented in Table 3-1. 
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Linear regression models were used to examine the association between HPC, total 
coliform counts and fecal coliform and distribution system water (Table 3-2). Compared to the 
Gefersa system, the Legedadi system had significantly lower HPC, TC counts, and FC counts (β=-
1.10, p-value <0.001, β=-2.41, p-value=0.001, and β=1-34, p-value=0.03 respectively). Total 
dissolved solids were also positively associated with HPC (β=0.01, p-value=0.04) as was distance 
(β=0.06, p-value=0.01). Compared to reservoirs, taps had lower FC counts (β=-0.95, p-
value=0.05).  
 There was a significant difference in the bacterial communities by sampling point (Figure 
3-2a) (PERMANOVA R2= 0.16, p=0.03). Three of four finished and source water samples 
clustered together, and overall, 25% of the variation was explained by the two axes. There were 
no significant differences in bacterial community by water distribution system (Figure 3-2b) 








Figure 3-2: Relationship between the water bacterial communities in water distribution systems and 
collection points. NMDS plots of Bray-Curtis dissimilarity comparing a) communities by different water 
distribution systems, and b) by collection point. Axes represent the variation explained by each axis based 
on eigen values .  
 While there was a decrease in Shannon index values down the distribution system, there 
was little variation in Simpson index values across the different sampling points (Figure 3-3). 
 
Figure 3-3: Diversity index values by sampling location: a) Shannon index and b) Simpson index. There 
were no significant differences in index value between any of the sampling points.  
 There was an increase in the relative abundance of  Gammaproteobacteria across the 
distribution system (Figure 3-4). Gammaproteobacteria  were least abundant in source and 
finished water samples (22.91% and 19.84% respectively). In samples from reservoirs, 
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household storage tanks, and households taps, Gammaproteobacteria predominated (49.85%, 
51.75%, and 49.24% respectively). However, the differences in the relative abundance of 
Gammaproteobacteria by sampling point were not significant.   
 
 
Figure 3-4: Relative abundance of Proteobacteria across the water distribution system in Addis Ababa, 
Ethiopia. There is an increase in abundance on Gammaproteobacteria down the distribution system with 
Gammaproteobacteria predominating in reservoirs, storage tanks and household taps.   
3.3.2. 2-week Diarrheal Prevalence in Infants Aged 6-23 Months 
  Households with infants aged 6-23 months were surveyed in 12 informal settlements 
(Table 3-3). The average age of infants was 14.21 months, and our sample was evenly split 
between male and female infants (53.19 % of the infants were female). The majority households 
obtained water from a piped source in their yard (75.36%) and reported not having water for an 
average 3.70 days during the week. Most households did not treat their water (56.67%), but of 
those who did treat their water prior to use, most used bleach (27.74% of households reported 
bleaching their water prior to use). Most households had access to latrine with a slab (50.87%) or 
to a latrine without a slab (34.34%). 
 A multilevel logistic regression model was used to examine the association between 
household WASH variables and 2-week diarrheal prevalence in infants aged 6-23 months (Table 
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3-4). Compared to households that had water pumped into their dwellings, infants in households 
that obtained water from pipes in their yards and water from public taps had significantly lower 
odds of diarrhea (OR= 0.35, 95% CI 0.16, 0.76 and OR=0.39, 95% CI 0.15, 1.00 respectively). 
Similarly, compared to households who did not treat their water, infants in households that boiled 
their water and infants in households that filtered their water also had significantly lower odds of 
diarrhea (OR= 0.40, 95% CI 0.19, 0.86 and OR=0.23, 95% CI 0.06, 0.84 respectively). Water 
intermittency and the presence of soap at a handwash station were also associated with two-week 
diarrheal prevalence (OR= 1.13, 95% CI 0.99, 1.39 and OR=0.24, 95% CI 0.08, 0.67 respectively). 
In addition, compared to infants in  households with an earthen floor, infants in households with 
carpeted floors had a  significantly higher odds of diarrhea (OR= 4.95, 95% CI 1.88, 13.04). 
3.3.3.  Infant Stool Pathogen Types and  Water, Sanitation and Hygiene Variables.  
 A Poisson regression model was used to evaluate the association between infant stool 
pathogen diversity and household water, sanitation, and hygiene variables (Table 3-5). Compared 
to the Gefersa water system, infants in households that obtained their  household water from the 
Legedadi system had a significantly lower risk of testing positive for a pathogen (RR=0.82, 95% 
CI 0.71, 0.95). Similarly, compared to households that did not treat their household drinking water,  
infants in households that filtered their water had a lower risk of testing positive for a pathogen 
(RR=0.57, 95% CI 0.37, 0.85). 
3.3.4.  Measurement of Disinfectant Residuals and Disinfectant Decay 
 Water samples collected from two informal settlements, both part of the Gefersa 
distribution system,  had chlorine residual levels measured and  chlorine decay constants calculated 
(Table 3-6). There was a non-significant difference in chlorine residual levels between Atana Tera 
and Lukanda (0.79 mg/L and 0.50 mg/L respectively). There was also a marked but non-significant 
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difference in chlorine residuals between pipes and storage tanks at the two locations. In Atana 
Tera, pipes had average chlorine residual level of 1.03 mg/L, compared to 0.60 mg/L in storage 
tanks. Similarly, in Lukanda, pipes had an average chlorine disinfectant level of 0.65 mg/L, 
compared to 0.39 mg/L in storage tanks.  We also noted spatial variation in disinfectant residuals.  
(Figure 3-5). 
 
 Figure 3-5: Map of spatial variation in free chlorine disinfectant levels in the communities of Atana Tera 
and Lukanda. 
 On average, chlorine levels dropped below the threshold of 0.2mg/L in stored water in less 
than 24 hours (Figure 3-6a). At the maximum observed decay rate, chlorine residuals dropped 
below 0.2 mg/L in just over 10 hours (Figure 3-6b). 
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Figure 3-6: Disinfectant decay rates in water stored in plastic containers in Addis Ababa, Ethiopia. a) the 
average decay rate in plastic containers, b) the maximum observed disinfectant decay rate. The dotted 
lines define the safe range for disinfectant residual (0.2-0.5mg/L) recommended by the WHO. 
 
3.4. Discussion 
  Urban-WASH requires a holistic approach that accounts for WASH indicators at both 
the household and city level.  Assessing utility provided water using bacteriological coupled with 
community surveys can help understand the inter-play between WASH indicators at different 
levels and their impact on disease. Water quality in Addis Ababa as measured by HPCs, TCs, 
and FCs was significantly different by treatment plant in Addis Ababa (Table 3-2). There were 
significant differences in bacterial community structure by sampling point (Figure 3-2a). There 
was also a change in bacterial community composition down the water distribution system, with 
the  abundance of Gammaproteobacteria increasing down the distribution system (Figure 3-4). 
At the household level, infants in households that obtained their water from taps in their yards or 
from public taps had lower odds of diarrhea than infants in households with premise plumbing 
(Table 3-4).  Water treatment also resulted in lower odds of diarrhea, with infants in households 
that either boiled or filtered water having lower odds of diarrhea compared to households that did 
not treat their water (Table 3-4).  The risk of testing of positive for a pathogen also differed  
between water distribution systems and the risk of testing positive for a pathogen was also 
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significantly lower in infants from households that filtered their water compared to those that did 
not treat their water (Table 3-5). We also observed variation in free chlorine levels over small 
spatial distances (Figure 3-5) and a rapid decay of chlorine residuals in stored utility supplied 
water (Figure 3-6).  Our findings point to utility water being a potential driver of diarrheal 
disease in informal settlements.  
 The bacteriological  contamination that we detected in Addis Ababa utility water is likely 
the result of failures in both the treatment of source water and of contamination within the water 
distribution system. Our findings reinforce previous findings on the quality of municipal water in 
Addis Ababa(42).  The significant difference in bacteriological indicators by water treatment 
plant is evidence that there were significant differences in the bacteriological quality of water  
pumped into the distribution system by treatment plant at the time of sampling. In addition, our 
finding that the relative abundance Gammaproteobacteria increases down the distribution system 
is of particular concern given their potential as reservoirs of antibiotic resistance or as 
opportunistic pathogens. Among the possible explanations for the differences in bacterial 
community composition by sampling point and the increase in the relative abundance of 
Gammaproteobacteria down the distribution system are : 1) unstable chlorine residuals in the 
distribution system may cause a shift in the microbial community structure down the distribution 
system; and 2) changes in the microbial community are driven by changes in the relative 
contribution of biofilms to the community, with contributions varying by chlorine 
concentrations(43).  It is likely that the changes in microbial community structure that we 
observed are driven unstable chlorine residuals impacting the makeup and contribution of 
biofilms to the microbial community in the distribution system.  In a study from China looking at 
disinfectant effects on biofilm bacterial communities, Mi et al. (2015) found that high chlorine 
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disinfectant levels decreased the abundance Gammaproteobacteria while increasing the 
proportion of Betaproteobacteria in biofilms(44). They also observed that Gammaproteobacteria 
predominated in undisinfected biofilms and biofilms exposed to low or medium chlorine 
doses(44). This is similar to what we observed, with Betaproteobacteria dominating the 
community in water samples from the treatment plants, where chlorine residuals are likely to be 
more constant, while Gammaproteobacteria increase in abundance down the distribution, where 
chlorine residuals are  more variable. The dominance of  Gammaproteobacteria down the 
distribution system could also explain why see a reduction in the odds of diarrhea for infants in 
households who do not use premise plumbing as their main water source. Bacterial communities 
in premise plumbing in Addis Ababa may be dominated by opportunistic pathogens, and premise 
plumbing is unlikely to be flashed as thoroughly as public taps are through higher use volume.  
 Our finding that boiling and filtration, rather than the use of bleach, are most effective in 
reducing the odds of diarrhea in infants also point to other potential deficiencies in utility 
provided water in Addis Ababa. Utility water may be contaminated with chlorine resistant 
pathogens such as Cryptosporidium. The presence of such pathogens in the system could be 
indicative of failures upstream in the treatment process and possibly of highly contaminated 
source water at both plants. The failure of bleach to reduce the odds of diarrhea could however 
also be due to deficiencies in the way that chlorine is utilized at the household level. Chlorine 
treatment could be less effective at the household level for the following reasons: 1) long water 
storage periods (median ~3 days, in our sample) increase the likelihood of in-home 
contamination; and 2) the improper use and incorrect dosing of chlorine given the water quality 
and baseline contamination levels already present in utility water, would further lower the 
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effectiveness of chlorine treatement(18). Further studies are needed to evaluate the effectiveness 
of in-home chlorine use in Addis Ababa. 
 Our findings point to potential multiple failure points in the treatment and distribution of 
water in Addis Ababa. Given the systemic shortcomings in the distribution system, multiple 
treatment processes need to be in place. Without adequate water treatment at the household level, 
the water consumed has only gone through only one ‘barrier’ at the treatment plant, which as the 
data suggests is likely inadequate. Safe water management in Addis Ababa should therefore 
include effective household level treatment steps until the utility water is brought up to quality. 
Furthermore, water quality should be assessed at multiple points to identify where key 
deficiencies occur. An MBA approach would allow for the adoption of more effective and 
sustainable mitigation measures be it at the household or city level. Any mitigation measures 
taken should also be coupled with regular surveillance of vulnerable populations to accurately 
gauge the effectiveness of interventions in a timely manner and to identify next steps. 
 We also found that carpeted floors resulted in  significantly higher odds of diarrhea 
compared to earthen floors, pointing to the existence other of indirect pathogen transmission 
pathways in highly contaminated settings . In a setting where sanitation sharing is the norm, 
carpeted floors may act as trap for pathogens from multiple households, resulting in much higher 
household pathogen loads than other floor types and serve as an indirect route of pathogen 
transmission to children(45,46). This trapping of contamination by carpets is further 
compounded by the fact that carpets are harder to keep clean in low resource settings, resulting 
in a buildup of pathogens in the carpet material. The presence of a household pathogen pool in 
carpets may especially increase the risk of infection with more persistent pathogens as infants 
start to explore their environment.  
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 Our results also highlight the nuances of personal hygiene practices in highly 
contaminated urban settings on disease risk. Household sanitation type did not have any effect on 
the odds of diarrhea in infants, but the presence of soap at a handwash station significantly 
reduced the odds of diarrhea in infants. The effectiveness of handwashing with soap in reducing 
diarrhea is well documented, but it’s importance in highly contaminated urban settings takes on 
additional weight(47–50). The effectiveness of personal hygiene interventions may be due to 
their ability to disrupt direct and ubiquitous pathogen transmission pathways, transmission 
pathways that are present regardless of sanitation access or environmental contamination levels. 
On the other hand, interventions that are focused on the availability and access to sanitation 
technologies often disrupt indirect transmission pathways. Though effective in the long term, the 
disruption of indirect transmission pathways may require that a technology be deployed on a 
large scale and with community buy-in and high compliance, possibly explaining the recent 
unexpected results from large scale intervention trials on the effectiveness of sanitation 
interventions(47,51,52). The thresholds needed for disruption of multiple indirect transmission 
pathways may be especially high in dense urban areas given the proximity of individuals and 
extremely high shedding rates of some pathogens.   
 Our study also highlights some of the challenges of using joint monitoring program 
(JMP) service ladders for evaluating water and sanitation in informal settlements. More than 
80% of the households surveyed reported having a water source either in their yards or in their 
premises, placing them in them in the safely managed rung of the service ladder if water were 
available when needed and was free of fecal and chemical contamination. However, as our data 
shows, water quality in Addis Ababa is highly variable, with disinfectant residuals varying over 
small spatial distances and bacteriological indicators differing significantly by water treatment 
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plant. In addition, our finding that premise plumbing increases the odds of diarrhea compared to 
public and yard taps indicates that premise plumbing may only be beneficial in systems with 
continuous flow and without bacteriological contamination. The evaluation urban water systems 
should therefore be geared toward understanding where failures in the distribution system occur.  
Measuring water quality only at the end user as it the norm makes it hard to establish causal 
associations between water quality deficiencies and upstream failure points given multiple 
possible failure points in distribution systems.  Furthermore, defining the risk associated with 
different failures in urban water systems is key.  A water supply system that is intermittent,  but 
able to supply water with the correct disinfectant residuals and bacteriological indicators may be 
preferable to a less intermittent system that is unable to provide water of adequate quality. 
Studies evaluating the risks associated with different types of failures in intermittent urban water 
systems are lacking and should be prioritized to inform on the most cost-effective mitigation 
measures that low-resource water utilities should prioritize(53,54). The human dimension of 
intermittent water supplies also must be appreciated. In urban areas such as Addis Ababa, end-
users face systemic failures resulting in the complete unavailability of water for several days, 
causing them to change water use behavior and  switch to alternative water sources that may 
potentially be less safe. The switching between water sources results in oscillating levels of 
disease risk, with disease risk in households potentially driven by the source that is less safe. 
Capturing the oscillating levels of risk would require longitudinal study designs that would 
specifically take into the account the switching between sources.   
 Understanding the impact of water distribution systems on disease risk in LMICs is vital 
for the development of effective WASH interventions for urban areas. In our analysis, we found 
a significant difference in bacteriological indicators by treatment plant, indicating water 
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treatment deficiencies. We also show that in-home water treatment, either by boiling or by 
filtration, is key to reducing the odds of diarrhea, highlighting utility provided water as potential 
driver of disease among infants. More studies are needed to characterize the impact of both water 
and sanitation on health in informal settlements and the disease risk associated with each of 
them. 



















Table 3-1: Descriptive statistics of water quality by distribution system. Wilcoxon-Rank tests 
were used to check for differences in between the Legedadi and Gefersa water distribution 
systems. Significant differences are bolded.  
Variable   N Legedadi Gefersa p-value 
HPC (CFU/mL) 















Tap (SD) 12 16.33  (10.87) 101.33 (61.23) 0.008 
Tank (SD) 13 27.50 (23.50) 57.96 (54.75) 0.22 
Reservoir 




 Tap (SD) 12 11.33 (6.93) 17.67 (2.37) 0.20 
Tank (SD) 13 15.40 (9.60) 17.54 (9.39) 0.56 
Reservoir 
(SD) 9 14.24 (6.77) 19.500 (8.72) 
0.43 
Free Chlorine (mg/L) 
 Tap (SD) 12 0.51 (0.19) 0.50 (0.14) 1 
Tank (SD) 13 0.44 (0.15) 0.51 (0.21) 0.76 
Reservoir 
(SD) 9 0.63 (0.18) 0.65 (0.07) 
1 
Temperature (0C) 
 Tap (SD) 12 21.25 (0.90) 21.25 (0.5) 0.93 
Tank (SD) 13 21.20 (0.84) 20.88 (0.64) 0.47 
Reservoir 
(SD) 9 20.71 (1.11) 20.50 (0.71) 
1 
EC (µS/cm) 
 Tap (SD) 12 603.50 (43.56) 600.5 (29.64) 0.80 
Tank (SD) 13 624.8 (76.27) 565 (64.34) 0.12 
Reservoir 
(SD) 9 608.57 (44.39) 621.00 (29.70) 
0.46 
TDS (mg/L) 
 Tap (SD) 12 301.75 (21.78) 300.35 (14.81) 0.80 
Tank (SD) 13 312.40 (38.13) 285.00 (25.98) 0.12 
Reservoir 
(SD) 9 304.29 (22.19) 310.50 (14.85) 
0.46 
pH 
 Tap (SD) 12 7.35 (0.37) 7.24 (0.29) 0.80 
Tank (SD) 13 6.96 (0.30) 7.07 (0.49) 0.82 
Reservoir 
(SD) 9 7.11 (0.45) 7.51 (0.71) 0.30 
Distance from Plant 
(km) 
 Tap (SD) 12 21.53 (3.32) 13.50 (4.60) 0.03 
Tank (SD) 13 21.10 (2.19) 12.36 (4.09) 0.01 
Reservoir 





Table 3-2: Associations between bacteriological indicators and distribution system water. 
Significant associations are bolded.  
 
Log Heterotrophic Plate 
Count Log Total Coliform Count Log Fecal Coliform Count 
Variable Estimate SE p-value Estimate SE p-value Estimate SE p-value 
Treatment 
Plants             
Gefarsa REF REF REF 
Legedadi -1.10 0.26 <0.001 -2.41 0.66 0.001 -1.34 0.58 0.03 
Collection Point             
Reservoir REF REF REF 
Tank 0.40 0.21 0.06 -0.55 0.52 0.31 -0.52 0.46 0.27 
Tap 0.32 0.20 0.13 -0.93 0.52 0.09 -0.95 0.46 0.05 
Free Cl (mg/L) -0.16 0.44 0.72 -1.98 1.13 0.09 -1.42 1.00 0.17 
Temp (0C) -0.08 0.11 0.45 0.50 0.27 0.07 0.39 0.24 0.11 
TDS (mg/L) 0.01 0.00 0.04 0.01 0.01 0.16 0.00 0.01 0.53 
pH 0.10 0.19 0.61 0.23 0.49 0.64 -0.01 0.43 0.99 

















Table 3-3: Summary statistics of selected demographic, household, and sanitation variables 
(N=712).  
Variable Summary Statistics 
Infant Age (SD) 14.21 (5.06) 
Female (%) 53.19 
Caregiver Education Level (%)  
No Education 17.24 
Primary 50.87 
Secondary 21.74 
Vocational and Higher 10.14 
Household Income (Ethiopian Birr) (SD) 2069.76 (1833.82) 
Floor Material (%)  
Earth Sand or Dung 48.70 
Wood 2.02 
Cement or Ceramic Tiles 45.94 
Carpet 3.33 
Household Water Source (%)  
Piped into Dwelling 6.23 
Piped into Yard 75.36 
Public Tap 16.52 
Other 1.36 
 Days without Water in a Week (SD) 3.70 (1.88) 
Water Treatment Practices (%)  




Household Sanitation (%)  
Flush 6.39 
VIP 7.10 
Latrine with Slab 50.87 
Latrine without Slab 34.34 








Table 3-4: Associations between two-week diarrheal prevalence in infants and water, sanitation, 
and hygiene variables. Significant associations are bolded. 
 Unadjusted Estimate Adjusted Estimate 
Variable OR 95% CI OR 95% CI 
Water Plant          
Gefersa REF REF 
Legedadi 0.95 0.61 1.49 0.89 0.51 1.53 
Akaki 0.96 0.46 1.99 0.85 0.30 2.37 
Household Water Source          
Piped into Dwelling REF REF 
Piped into Yard 0.37 0.19 0.74 0.35 0.16 0.76 
Public Tap 0.40 0.18 0.90 0.39 0.15 1.00 
Other* 1.50 0.41 5.56 1.68 0.39 7.27 
Water Treatment          
No Water Treatment REF REF 
Boil 0.46 0.22 0.96 0.40 0.19 0.86 
Bleach 0.89 0.58 1.36 0.96 0.61 1.51 
Filtration** 0.25 0.07 0.87 0.23 0.06 0.84 
Days with No Water 1.13 0.94 1.36 1.13 0.99 1.39 
Household Water Storage Container          
Do Not Store REF REF 
Jerrycan 1.06 0.67 1.68 1.13 0.69 1.84 
Plastic Bucket 0.92 0.49 1.73 0.97 0.49 1.93 
Plastic and Iron Bucket 1.03 0.54 1.96 0.87 0.43 1.77 
Other 2.05 0.60 7.04 1.99 0.53 7.41 
Household Sanitation          
Flushing Toilets REF REF 
VIP 0.84 0.26 2.76 0.92 0.24 3.48 
Latrine with Slab 0.80 0.29 2.21 0.78 0.24 2.54 
Latrine without Slab 0.59 0.21 1.67 0.62 0.19 2.06 
No Sanitation 1.28 0.37 4.48 1.44 0.35 5.93 
Soap at Handwash Station          
No REF REF 
Yes 0.30 0.11 0.80 0.24 0.08 0.67 
Feces on Toilet Floor          
No REF REF 
Yes 0.92 0.53 1.58 0.88 0.49 1.57 
Floor Material          
Earth, Sand or Dung REF REF 
Wood 1.46 0.37 5.78 1.71 0.41 7.23 
Cement or Ceramic 1.47 0.97 2.23 1.51 0.96 2.38 
Carpet 4.28 1.74 10.52 4.95 1.88 13.04 
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Table 3-5: Associations between infant stool pathogen diversity and water, sanitation, and hygiene 
variables. Significant associations are bolded. 
 Unadjusted Estimate Adjusted Estimate 
Variable  Risk Ratio 95% CI Risk Ratio 95% CI 
Water Plant          
Gefersa REF REF 
Legedadi 0.85 0.74 0.99 0.82 0.71 0.95 
Akaki 0.91 0.68 1.23 0.80 0.56 1.15 
Household Water Source          
Piped into Dwelling REF REF 
Piped into Yard 1.10 0.86 1.42 0.98 0.74 1.31 
Public Tap 1.30 0.97 1.74 1.14 0.82 1.60 
Bottled Water 1.08 0.53 2.16 0.98 0.49 1.96 
Water Treatment          
No Treatment REF REF 
Boil 1.03 0.80 1.32 0.97 0.77 1.22 
Bleach 1.09 0.95 1.26 1.04 0.89 1.22 
Filter* 0.58 0.40 0.84 0.57 0.37 0.85 
Days with No Water 0.91 0.85 0.97 0.92 0.85 1.10 
Household Water Storage Container          
Do Not Store REF REF 
Jerrycan 0.97 0.81 1.15 1.01 0.84 1.21 
Plastic Bucket 1.11 0.85 1.45 1.16 0.87 1.56 
Plastic and Iron Bucket 1.06 0.87 1.29 1.19 0.94 1.50 
Household Sanitation          
Flush or VIP REF REF 
Latrine with Slab 1.08 0.82 1.43 1.11 0.87 1.42 
Latrine without Slab 1.05 0.79 1.40 1.13 0.86 1.49 
No Sanitation 1.23 0.78 1.93 1.44 0.85 2.12 
Soap at Handwashing Station          
No REF REF 
Yes 0.86 0.60 1.25 0.99 0.69 1.43 
Feces on Toilet Floor          
No REF REF 
Yes 1.04 0.87 1.25 0.98 0.82 1.18 
Floor Material          
Earth, Sand or Wood REF REF 
Cement or Ceramic 0.90 0.77 1.04 0.92 0.78 1.08 




Table 3-6: Disinfectant residual levels in pipes and storage tanks at two informal settlements; 
Atana Tera and Lukanda. 
Atana Tera 
Variable Pipe (N=6) Storage Tank (N=8) p-value 





Variable Pipe (N=8) Storage Tank (N=10) p-value 
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Determinants of Pathogen Contamination of the Environment in the Greater Yangon Area, 
Myanmar 
4.1. Introduction 
 Implementing safely managed sanitation has been a trusted Water and Sanitation Health 
(WASH) intervention to eliminate or decrease pathogen input into the environment, decreasing 
transmission potential and disease burden. However, recent WASH trial results have called into 
question the effectiveness of sanitation interventions and its impact on pathogen transmission (1–
3), leading many to argue for the need to improve our understanding of the role that environment 
plays in enteropathogen transmission. Estimating contamination levels provides a more direct 
measure of exposure than traditional assessments of whether a sanitation technology is in place.  
These measurements also provide for an objective comparison of multiple environmental 
transmission pathways. Some of these pathways are affected  by traditional sanitation 
interventions, while others are not.   
 In this cross-sectional study, we tested environmental samples for a range of bacteria, 
protozoa, helminths, and viruses from three urban sites in Yangon, Myanmar and two rural sites 
on the outskirts of Yangon to assess environmental pathogen loads. The aim of this study was to 
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understand how environmental characteristics drive contamination and how this differs in rural 
versus urban settings. We add to a growing number of studies in low and middle-income 
countries that take a similar approach to studying environmental pathogen loads and their 
association with environmental factors (4,5).  
 Diarrhea is the fourth-leading cause of death in children under five  in Myanmar, with  
deaths from diarrheal disease higher in urban than in rural areas (11.3% vs. 6.8% respectively) 
(6,7). Hospital-based surveillance studies in Yangon have identified rotavirus as a major cause of 
diarrhea in children; an analysis of five years of hospital surveillance data identified rotavirus in 
42-56% of hospitalized acute gastroenteritis cases each year (8,9). Yangon itself represents the 
dynamics of environmental exposure in a setting of rapid urbanization and limited investment in 
WASH infrastructure(10). For example, in a rapidly expanding peri-urban neighborhood in 
Yangon it was that found that 36% of surveyed households disposed of household waste into 
nearby water bodies, such as stream and ponds (11). Similarly, a  geo-spatial analysis of water-
borne diseases in Myanmar found that Yangon had the highest number of water-borne disease 
cases and outbreaks from 1991-2018 due to a combination of high population density and limited 
WASH infrastructure (12).    
 Pathogen contamination has traditionally been measured using indicator organisms such 
as enterococcal bacteria and fecal E.coli, which are often limited in their ability to generalize 
across all relevant pathogens (13–15).  Specifically, these organisms are poorly correlated with 
other infectious organisms (4). Instead, a selection of host specific pathogens may provide a 
more accurate picture of environmental contamination. Given that we now have affordable 
technology to measure pathogens in the environment, this study will help us better understand if 
environmental pathogen transmission pathways are similar between different pathogen types and 
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what role the environment may have in the transmission of different pathogens in urban and rural 
locations.   
 The dynamics of pathogen concentrations in the environment are driven by shedding 
rates into the reservoir, pathogen decay, and environmental factors such as heavy rain events 
(16).  The specific dynamic processes will differ by  1) pathogen, i.e., shedding rates from 
infectious individuals into the environment, persistence, and transport processes are all pathogen 
dependent; 2) environmental factors such as local climate and hydrological processes; 3) social 
factors that affect how people interact with the environment; and 4) geographic location, e.g., 
rural vs. urban (17–19).  
 Environmental enteropathogen risks have been more extensively studied in rural 
compared to urban settings.  Rural settings are typically characterized by lower population 
densities, resulting in pathogen shedding that is more dispersed and stochastic. Contamination 
levels in urban settings, on the other hand, tend to be uniformly high, regardless of local sanitary 
conditions and other traditional indicators of risk such as socioeconomic status, suggesting the 
need for community level transformational changes (20). With 68% of the of global population 
projected to live in urban areas by 2050, it is important that we improve our understanding of the 
role of the environment in pathogen transmission within densely populated urban areas (21). 
4.2. Material and Methods 
4.2.1. Study Sites 
 This study was conducted in the Yangon Region in lower Myanmar, bordered to the 
south by the Gulf of Martaban. The Yangon Region has a population of approximately 7,360,730 
(22), with two thirds of the population living in the urban area. The Yangon Region is 
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administratively divided into 45 townships, of which 33 fall under the jurisdiction of Yangon 
city, the largest city in Myanmar.   
 The study sites were in two townships in the northern part of Yangon, Hlaingtharya and 
Htantabin (Figure 4-1). Hlaingtharya is located within the Yangon city administrative boundary. 
It is the most  populous township in the city with 686,827 inhabitants and population density of 
8,229 persons/km (23). Htantabin borders Hlaingtharya to the north and sits outside of the city’s 
administrative boundary. Htantabin is predominantly rural with a population of 145,792 and a 
population density of 240.2 person/km (24).  
 
Figure 4-1: Map of our study sites in the greater Yangon area. Our three urban sites were located in the 
Hlaingtharya Township in the north of Yangon, while out two rural sites were located in the Hlantabin 
Township outside of city boundaries. Map Provided by Dr. Pamela Jagger.   
 We purposively selected three urban wards in Hlaingtharya: Shwe Lin Ban (SLB); Ward 
7; and Yeokkan, and two rural sites in Htantabin Township. These sites represent heterogeneity 
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in broad categories of living conditions including density, permanence of structures, 
infrastructure, and public service provision. 
4.2.2.  Environmental Site Characteristics 
  Yangon City has an average elevation of about 23 meters above sea level. Yangon has a 
tropical monsoon climate under the Koppen Climate Classification (25). The rainy season in 
Yangon runs from May through October, with a dry season from November to April. Total 
annual precipitation averages 2783 mm and with average highs ranging from 29°C to 36°C and 
average lows ranging from 18°C to 25°C. Sample collection was conducted over an eight-day 
period at the beginning of October, at the end of the rainy season. No rain events occurred over 
the eight days of sample collection.   
4.2.3. Sample Collection Point Selection 
 Sample collection points were selected to capture the variability in environmental 
characteristics across the study areas. Maps were used to define sampling areas and random 
latitude and longitude pairs were generated using the website geomidpoint.com. The generated 
coordinate pairs were then entered into Google Maps app and were ground truth to ensure that 
selected sampling points were accessible and were feasible for sampling. If a coordinate pair was 
at a location not viable for sampling,  a sample point was selected within a roughly 50m radius of 
the original coordinates.  Final sampling points were recorded using a Garmin Etrex 10 meter 
and  were then entered into Google Maps. Field staff used mobile phones and the Google Maps 
app to navigate to the marked coordinates. On average, we estimate that field staff were able to 
arrive within at least 2 meters of the selected sampling points.  
 At each site, a sampling point was either standing water, soil, or a man-made drainage 
ditch.  We collected a water sample from a drainage ditch if there was standing water.  We 
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collected a soil samples from a drainage ditch if there was no standing water and the soil was 
moist at the time of sampling, indicating recent water flow in the conduit (Figure 4-2). 
 
a.                                                                 b. 
  
        c.                                                              d. 
  
Figure 4-2: Selected images of study site. Images a and b are taken in urban informal settlements with a. 
showing a drainage ditch on the outside of a dwelling and b. showing a dwelling raised above standing 
flood water. c and d are taken at the rural study site. In both images the thatched structure is a dwelling.  
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4.2.4. Sample Collection and Site Observation 
 Prior to sample collection, field staff were trained to ensure standardized hygienic 
sampling protocols. Soil was collected using an alcohol sterilized metal tablespoon inserted into 
the ground to the depth of the spoon bowl. The soil sample was then transferred to a sterile 
WhirlPak bag (Sigma-Aldrich, St Louis, MO). Surface water was collected by skimming a sterile 
50ml sterile propylene tube over the water’s surface. All collected samples were then stored on 
ice packs in a cooler and transported to a field laboratory at the West Yangon University for 
processing within 4-6 hours. 
 While collecting samples, field staff also recorded the following details at sample 
collection points: 
• Whether or not the samples were collected from a man-made conduit for water, 
regardless of whether it contained water at the time of sampling. This information 
was used to create the dichotomous variable Drainage Ditch, i.e., whether the ditch 
was man-made.   
• Whether animals were observed within 50m of the sampling point. These 
observations were used to create the dichotomous variable Presence of Animals. 
• Whether a sanitation facility was observed within 50m of the sampling point. These 
observations were used to create the dichotomous variable Nearby Toilet. 
• Whether any animal feces visible within 5m of the sampling point. These 
observations were used to create the dichotomous variable Presence of Animal 
Feces. 
• Whether uncollected garbage was present within 50m of the sampling point. These 
observations were used to create the dichotomous variable Uncollected Garbage.  
 In addition, data on site elevation and the state of the observed sanitation facilities were 
also collected.  
4.2.5. DNA and RNA Extraction  
 DNA and RNA were extracted from both soil and water using the ZymoBIOMICS 
DNA/RNA MiniKit (Zymo Research, Irvine, CA). For the extraction of nucleic acid from soil 
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samples, 250mg of soil from a WhirlPak bag was weighed out and transferred to a DNA/RNA 
Shield Lysis tube. Water samples were vacuum filtered through 0.45µm nitrocellulose filters 
which were then transferred to DNA/RNA Shield Lysis tubes. All sample tubes were stored in a 
cool dry area before transport back to the University of Michigan for extraction. Samples were 
processed within 3 weeks of collection as par the manufacturers protocol. The quality and 
concentration of the extracted nucleic acids was measured using a Nanodrop Spectrophotometer 
(Thermo Scientific, Waltham, MA). 
4.2.6. Droplet Digital PCR 
 Sample pathogen loads were quantified using the QX200TM Droplet DigitalTM PCR 
(ddPCR) system (Bio-Rad, Hercules, CA). Prior to setting up PCR assays, all environmental 
assays were diluted 1:10 to ensure that there was no inhibition(30). DNA assays were setup by 
combining 10µl of ddPCR Supermix for Probes (no dUTP), primers at 900nM, probes at 250 nM 
and 4µl of template DNA or sterilized water for no template controls. RNA assays were setup 
using the One-Step RT-ddPCR Supermix (Bio-Rad, Hercules, CA) containing 5µl Supermix, 2µl 
Reverse Transcriptase, DTT at 15mM, primers at 900nM, probes at 250nM and 4µl of template 
RNA or 4µl of sterilized water for no template controls. Prior to setting up Rotavirus assays, 
samples were denatured at 95°C for 5 minutes and kept on ice prior to adding the RNA to the 
reaction.   Droplets were generated using the QX200TM AutoDGTM Droplet DigitalTM PCR 
system (Bio-Rad, Hercules, CA). 40µl of the generated droplets were loaded into a 96-well plate 
and sealed using a PX1TM plate sealer (Bio-Rad, Hercules, CA). DNA thermocycling conditions 
consisted  of enzyme activation at 95°C for 10 min; denaturation at 94°C for 30 s; annealing and 
extension at 58°C for 1 min; for 40 cycles, followed by enzyme deactivation at 98°C for 10 min, 
and a continuous hold at 4°C. RNA thermocycling conditions consisted of  60 min reverse 
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transcription at 50°C, enzyme activation for 10  min at 95°C, followed by 40 cycles of 
denaturation at 94°C for 30 s, annealing and extension at 58°C for 1 min; followed by enzyme 
deactivation at 98°C for 10 min, and a continuous hold at 4°C. All samples were run on the 
C1000 TouchTM thermocycler (Bio-Rad, Hercules, CA), with a lid temperature of 105°C, a 
sample volume of 40µl and a ramp rate of 2°C. All samples were run in duplicate with repeats 
run on different days. On completion of the thermocycling, plates were read using the QX200TM 
Droplet Reader (Bio-Rad, Hercules, CA, USA) and QuantaSoftTM software (Bio-Rad, Hercules, 
CA). Samples were screened for eight bacteria (enteroaggregative E.coli (EAEC), 
enteropathogenic E.coli (EPEC), enterotoxigenic E.coli (ETEC),  shigatoxigenic E.coli (STEC), 
Shigella, Salmonella enterica, Campylobacter spp,  and Enterococcus faecalis), three protozoans 
(Entamoeba histolytica, Giardia lamblia, and Cryptosporidium spp),  three helminths 
(Ancylstoma duodenale, Ascaris trichuris, Stronyloides sterocalis), and two viruses (rotavirus 
and norovirus GI and GII). EAEC, EPEC and ETEC were each screened for two gene targets and 
the detection of either gene target was counted as a positive.  
4.2.7. Sample Quantification 
 Samples were quantified as described previously(26–28). Briefly, QuantaSoftTM software 
(Bio-Rad, Hercules, CA) was used to check all wells, and samples with <10,000 accepted 
droplets were excluded from analysis. The threshold for differentiating negative from positive 
droplets was determined by setting it one standard deviation above the negative droplets on the 
no template controls(27,28). Following the setting of the threshold, all wells were visually 
inspected to ensure that the thresholding was correct. Wells with less than three positive droplets 
were considered negative and assigned a value equal to the limit of detection (LOD) divided by 2 
(LOD/2)(29). All samples where one of the duplicates failed to generate > 10,000 droplets or 
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where duplicates had a coefficient of variation greater > 10% were re-run. Final concentrations 
of gene copies per gram of soil or per millimeter of surface water were obtained by multiplying 
by appropriate dilution factors. 
4.2.8. Statistical Analysis 
  Descriptive statistics of selected variables are presented as either the mean and standard 
deviation or a percentage of the total.  Mean gene counts and Wilcoxon Rank Sum Tests were 
used to assess differences in gene loads by substrate between urban and rural areas. Non-detect 
samples were represented as the LOD in Wilcoxon Rank Sum tests.   
 Outcome variables were derived from gene loads measured using ddPCR. Outcomes 
were as follows: 1) log10 E.faecalis gene count, 2) log10 pathogenic gene count, 3) log10 
bacterial gene count, 4) log10 viral gene count, and 5) pathogen diversity, defined as the sum of 
unique pathogen types detected  in a single sample. For statistical analysis, non-detect samples 
had LOD/2 values applied to them.  
 Exposure variables include elevation in meters, and variables to indicate a drainage ditch 
sample, the presence of domestic animals, sanitation facilities, animal feces, and uncollected 
garbage. All models also included two potential confounders: substrate type (soil versus water) 
and collection location (rural versus urban).  
 Left censored regression models controlling for exposure variables and confounders were 
used to assess the association between the first four outcome variables and a specific exposure.  
A Poisson model with robust error variance was used to assess the association between pathogen 
diversity and all outcome variables while controlling for the confounders. All analysis was done 
using R version 4.0.3. Censored regression models were fit using the VGAM package and the 
Sandwich package was used to obtain robust standard errors for the Poisson model (30,31). 
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4.2.9. Ethical Approval 
 This study was part of a larger study implemented by the University of North Carolina at 
Chapel Hill (UNC-Chapel Hill), which was conducted following a protocol approved by its 
Institutional Review Board (#18-2735). This study did not involve any human or animal subjects 
nor were any personal identification data from the larger study used. 
4.3. Results 
4.3.1. Study Site Characteristics 
 Samples were collected from 117 points, comprising 79 water samples and 38 soil 
samples. 95 of those points were from three urban sites and 22 from two rural sites. All sampling 
sites were lower in elevation than the average for the Yangon area (23m), with rural areas lower 
in elevation than urban areas (5.00m and 7.06m respectively). We observed a number of 
differences comparing the urban and rural sites, including fewer domestic animals (57.6% vs. 
95.7%), fewer visible toilet facilities (18.2% vs. 52.2%), and more visible uncollected garbage 
(21.2% vs. 0.0%) in urban compared to the rural sites (Table 4-1).  Although urban sites had 
fewer visible toilets, they were more likely to be in better condition (5.6% vs. 41.7% toilets were 
observed to be dilapidated).   
4.3.2. Pathogen Frequency, Loads and Diversity by Sampling Location 
 
 We collected 60 water samples from three urban sites, 19 water samples from two rural 
sites, 35 soil samples from the three urban sites, and three soil samples from one rural site. 
Enterococci were detected in 115 (98.3%) of the sampled points (Figure 4-3). At least one 
pathogen was detected in 73.7% of all water samples and in 55.3% of all soil samples. The most 
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common pathogen in both water and soil was rotavirus, which was detected in 88.6% and 54.3% 
of samples, respectively. 
 Bacterial pathogens were isolated more often in urban vs. rural water samples.  For 
example, EAEC, EPEC and ETEC were detected in 66.7%, 55.0%, and 46.7% of urban water 
samples respectively, whereas in rural water samples, the only detected bacterial pathogens were 
ETEC and S.enterica, each found in 5.3% of the samples. Rotavirus was the most common non-
bacterial pathogen in both urban and rural water (91.7% and 79.0% of the samples respectively). 
Additionally, water samples in urban sites had a much richer pathogen pool dominated by 
bacterial pathogens, compared to rural sites that had only five pathogens detected: two bacteria, 




Figure 4-3 The number of samples testing positive for indicators, 16S DNA or pathogenic gene markers 
in urban water samples (a), rural water samples (b), urban soil samples (c), and rural soil samples (d) from 
sampling sites in the greater Yangon area. 
 Urban soil samples contained fewer pathogens than urban water samples.  For example, 
Campylobacter, the most frequently detected bacterial pathogen in urban soil, was found in only 
5.7% of the samples. In both urban and rural soil samples, rotavirus and Giardia were detected in 
a substantial number of samples (54.3% and 66.7% for rotavirus and 25.7% and 33.3% for 
Giardia respectively). As with water samples, urban soil samples had higher pathogen diversity 
than rural soil samples.  
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 Gene counts, a measure of the quantity of marker genes, varied by both by pathogen and 
substrate (water vs. soil) (Figure 4-4).  The highest E. coli pathotype and Shigella gene counts 
were generally detected in water samples. In general, EAEC gene counts in water were higher 
than both EPEC and Shigella gene counts, which in turn was higher than ETEC counts.   In 
contrast, Campylobacter and Giardia gene counts were highest in soil samples. Norovirus gene 
counts were appreciably lower than rotavirus gene counts. Rotavirus gene counts were highly 
variable, with the highest rotavirus loads collected in two soil samples (1108556.12 and 
28968.51 genes/g respectively), and counts in water samples being orders of magnitude lower, 
ranging from 3601.38-1411.00 genes/ml.  The highest norovirus loads were detected in two soil 




Figure 4-4: Top ten samples with the highest gene counts of a) EAEC, b) EPEC, c)ETEC, d) Shigella, e) 
Campylobacter, f) Giardia, g) Rotavirus, and h) Norovirus. 
 In general, pathogen loads per sample in both water and soil were significantly higher in 
urban areas compared to rural areas (Table 4-2). In urban water samples, bacterial pathogens had 
the highest geometric mean gene counts (4.31E+02, 95% CI 3.16E+02, 5.88E+02) followed by 
viruses (1.40E+02, 95% CI 9.50E+01, 2.03E+02). In rural water samples, bacteria also had the 
highest geometric mean gene counts (1.41E+02, 95% CI 1.39E+02, 1.42E+01). In urban soil 
samples, bacteria had the highest geometric mean gene counts (1.96E+02, 95%CI 1.33E+02, 
2.90E+02), followed by viruses (1.20E+02 95%CI, 4.28E+01, 3.35E+02). 
4.3.3. Association between Gene Counts and Site Characteristics 
 Censored regression models were used to examine the association between collection 
point characteristics and gene counts (Table 4-3). Samples collected from drainage ditches were 
significantly associated with log10 Enterococci and log10 pathogenic bacteria gene counts 
(RR=3.02, 95% CI 1.17, 7.77 and RR=2.31, 95% CI 1.43, 3.72 respectively). Uncollected 
garbage was also significantly associated with log10 Enterococci and  log10 bacterial gene 
counts (RR=3.23, 95% CI 1.07, 9.72 and RR=1.98, 95% CI 1.13, 3.45 respectively). Elevation 
was only associated with log10 bacterial gene counts (RR=0.94, 95% CI 0.88, 0.99).  
4.3.4. Association between Pathogen Diversity and Site Characteristics 
 A Poisson model was used to evaluate the association between sample pathogen diversity 
and site characteristics (Table 4-4). In models adjusted for only one exposure variable and the 
potential confounders (Unadjusted Estimate) none of the exposure variables were significantly 
associated with pathogen diversity. In a model adjusted for all the exposure variables, location 
type (urban versus rural) and substrate type (soil versus water), Drainage Ditch (RR=1.39, 95% 
 101 
CI 1.07, 1.81) and Uncollected Garbage (RR= 1.55, 95% CI 1.19, 2.03) were significantly 
associated with pathogen diversity.  
4.4. Discussion 
 Urban and rural settings have distinct environmental risk profiles that can differ by 
contamination levels as well as by pathogen type.  Pathogen-level contamination data is an 
essential element towards identifying important environmental transmission pathways.  Water 
samples from our urban site had higher pathogen gene counts and a more diverse pathogen make 
up than samples from our rural sites ( Figure 4-3 and Table 4-2). Within these urban areas, 
samples from drainage ditches (compared to stagnant water) and uncollected garbage within 50m 
of the sample collection point, were stronger environmental predictors of increased bacterial 
contamination (measured by pathogenic bacterial gene counts and pathogen diversity) than 
proximity to toilets or the presence of animals or animal feces (Tables 4-3 and 4-4). Elevation of 
the sample collection point was also a significant predicator of pathogenic bacterial gene counts.  
Viral gene counts, however, were not associated with any collection point characteristics (Table 
4-3). Similarly, soil samples had a markedly different pathogen make up to water samples, with 
protozoa and viruses predominating in soil and bacteria in water (Figure 4-3). We also found that 
direct pathogen measurements provided more detailed information on environmental risk factors 
associated with pathogen contamination than our indicator organism.  
 Higher pathogen loads in urban versus rural sites are often attributed to  increased human 
density resulting in increased rates of pathogen shedding into the environment.  Urban areas are 
also characterized by a more dynamic environment compared to rural areas, with human activity 
constantly altering the environment. An example of such activities would be the building of 
drainage ditches to channel wastewater away from dwellings and the creation of informal 
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garbage dumps.   These two site characteristics: drainage ditches and uncollected garbage were 
predominantly present only in urban areas and were associated pathogenic bacterial gene counts 
and pathogen diversity. Both drainage ditches and uncollected garbage are characteristics of sites 
where the environmental pathogen pool is constantly replenished, hence the association with less 
persistent bacterial pathogens (32). The higher density of people interacting with the 
environment and the presence of sites with high pathogen concentrations, characterized for 
example by drainage ditches and uncollected garbage,  may also result in higher pathogen 
transmission rates in urban areas, potentially explaining why urban children are more prone to 
diarrhea despite better long-term outcomes, such as stunting and weight gain (33,34). Another 
potential consequence of elevated urban transmission rates coupled with a constantly changing 
environment maybe the selection for more virulent pathogens and the transfer of virulence and 
antibiotic resistance genes between enteric and environmental bacterial strains (34–36). In 
addition, uncollected garbage results in a complex matrix of both organic and inorganic 
substrates, enhancing the persistence or even potentially enabling replication bacterial 
enteropathogens like E.coli as was observed with EPEC in algal Cladophora mats (37).  
  Our finding that drainage ditches contained more pathogens than stagnant water suggests 
that these ditches are acting as accumulators of contamination within the urban site and 
subsequently spreading these pathogens throughout the community. This finding highlights the 
interconnected nature of drains in urban areas and the ability of drains in urban areas to move 
fecal contamination both within and between communities (5). One reason that stagnant water 
may have lower measured bacterial contamination levels is the rapid pathogen decay from solar 
radiation at the top of the water column and the settling out of pathogens that occurs when water 
is not flowing, suggesting that drainage ditches provide a more accurate snapshot of pathogens 
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shed by a community at a point in time compared to stagnant water. The lack of association of 
drainage ditches with viral gene counts, suggests that stagnant water may be more important for 
the transmission of viral pathogens, such as rotavirus. While the predominant route of 
transmission for rotavirus is host-to-host, the presence of an environmental reservoir such as 
stagnant water may serve to seed and sustain outbreaks (38). In addition, our finding that no 
environmental site characteristics were associated with viral gene loads is consistent with what is 
reported in literature, especially with regard to sanitation interventions. Sanitation interventions 
have been shown to be effective in preventing bacterial and protozoal infections, while having 
negligible effects on viral infection, indicating the environmental risk factors eliminated by 
sanitation interventions, such as dilapidated latrines,  are not associated with viral transmission 
(39–41).  
 Elevation can also play a role in pathogen dissemination through a community given that 
contamination will flow along a drainage ditch from higher to lower elevations. Low lying areas 
at the confluence of multiple contamination streams are therefore likely to have the highest 
pathogens loads. Our finding that even minor elevation differences are associated pathogenic 
bacterial gene counts shows that in dense urban environments, there may be a non-trivial 
difference in disease risk along the course of a contaminated water conduit. Downstream 
locations along water conduits will have accumulated pathogens from a larger area of a 
community compared to upstream locations (42). In addition, in upstream locations, water 
conduits may serve to reduce disease risk by carrying away pathogens, while downstream, 
conduits serve to increase disease risk by carrying pathogens into a downstream community that 
may not have previously been present.  
 104 
 High protozoal and viral pathogen loads in soil (Figure 4-4) may be driven by the longer 
persistence of protozoa and viruses (32). Similar to what was found by Pickering et al. (2012), 
our findings point to soil being an underappreciated pathogen reservoir (43). Not only would the 
soil reservoir result in direct pathogen-host contacts, but it could also re-contaminate other 
environmental substrates especially after heavy rain events (16). Soil is often not the focus of 
sanitation interventions, therefore failing to account for it as a potential pathogen reservoir could 
reduce the effectiveness of interventions (43) . We also observed that uncollected garbage was 
present near 70% of the soil sites with highest pathogen counts (Figure 4-4), reinforcing the 
importance of soil as a pathogen reservoir. Given the lack of a clear mitigation strategy to 
decrease soil contamination, reinforcing hygiene practices (both food and hand hygiene) should 
be promoted.  
 Our findings point to a more a more nuanced relationship between fecal indicators such 
as E. faecalis and pathogens. Fecal indicators in our study highlight the much higher 
contamination levels in urban areas compared to rural areas and that drainage ditches and 
uncollected garbage are characteristic of  highly contaminated sites. Samples collected from 
drainage ditches were significantly associated with E.faecalis  gene counts (RR=3.02, 95% CI 
1.17, 7.77), similar to what was observed with pathogenic bacterial gene counts, (RR= 2.31, 95% 
CI 1.43, 3.72). Similarly, samples collected close to garbage were significantly associated with 
both E. faecalis and pathogenic bacterial gene counts (RR=3.23, 95% CI 1.07, 9.72, RR=1.98 
95% CI 1.13, 3.45 respectively). However, the lack of association between E. faecalis loads and 
site elevation may indicate that even though indicators may be accurate predicators of 
contamination in our study, they are unable to capture more subtle dynamics such the impact of 
elevation on pathogen movement within communities.  The utility of fecal indicators might have 
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to be considered by the scale and context that are used for. In large scale tropical settings, 
indicator organisms are indicative of overall fecal contamination, similar to what we observed 
(15). Future studies should consider exploring if there is a scale effect in the correlation between 
fecal indicators and pathogens or pathogen types.  
 The presence of domestic animals was not associated with a more diverse pathogen 
community, unlike in previous studies (4). Furthermore, even though we found that only 2.4% of 
urban households reported owning livestock compared to 46% of rural households,  animal 
ownership may not accurately reflect the presence of  domestic animals, with animals liable to 
wander in from surrounding areas. We also did not sample home environments and do not know 
if this lack of association holds in domestic settings. Domestic animals may only be important in 
contributors to the pathogen pool in domestic settings in rural areas and not to the overall 
pathogen community pool in urban areas, where contributions from animals may be minor in 
relation to overall community shedding in densely populated urban areas. Further studies are 
necessary to accurately evaluate the impact that domestic animals have on environmental 
pathogen loads. 
 Characterizing environmental transmission pathways through direct measurement of 
pathogens, rather than relying on indirect measures such as the presence of or access to water 
treatment and sanitary infrastructure, will improve our ability to mitigate human risks to 
environmental exposures. Urban areas often score high on access to WASH infrastructure, for 
example an estimated 91% of the population in our urban study sites was reported to have access 
to improved drinking water sources and estimated 94% had access to improved sanitation (23).  
However, we found multiple pathogen reservoirs that present risks that would not be mitigated 
by improved water and sanitation access.  Interestingly, rural populations are exposed to 
 106 
different pathogen types, which may suggest different mitigation strategies. Enteropathogen 
transmission may also be driven by environmental characteristics that are not captured by 
WASH metrics; for example, a study in a peri-urban neighborhood in Yangon found that acute 
diarrhea was significantly associated with  unsafe waste disposal (44). A more detailed 
spatiotemporal analysis of environmental sources of contamination, including human and 
animals, will provide an important transformative shift how we conceptualize effective 


















Table 4-1: Descriptive characteristics stratified by urban and rural and by community. Toilet 
facilities were classified as functional if they were constructed of durable materials and had a 
door for privacy. Dilapidated toilet facilities were made of recycled materials and did not provide 
adequate privacy. 





























n (%) 1 (3.12) 8 (24.24) 9 (26.47) 3 (25.00) 0.00 (0.00) 18 (18.18) 3 (13.04) 
Domestic 
Animals 
Present, n (%) 
13 
(40.62) 26 (78.79) 18 (52.94) 12 (100.00) 10 (90.91) 57 (57.58) 
22 
(95.65) 
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Table 4-2: Comparison of geometric mean pathogen gene counts between urban and rural 
sampling locations and by substrate. Pathogens with statistically significant differences in gene 
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value   Mean (95% CI) Mean (95% CI) 
E.faecalis Count (gene 
copies/ml) 
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Protozoa (gene copies/ml) 
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Sample 






  Urban Rural p-
value   Mean (95% CI) Mean (95% CI) 
E.faecalis Count (gene 
copies/g) 





Bacteria (gene copies/g) 





Protozoa (gene copies/g) 
8.54E+01 (4.15E+01, 1.72E+02) 1.06E+02 (2.50E-01, 4.49E+04) 
9.46E-
01 
Helminths (gene copies/g) 





Viruses (gene copies/g) 
1.20E+02 (4.28E+01, 3.35E+02) 1.67E+02 (6.00E-02, 4.52E+05) 
7.57E-
01 
Number of Pathogens per 
Sample 






Table 4-3: Associations between sample gene counts and collection point characteristics. In 
addition to collection point characteristics, all models were adjusted for location type (urban vs 















Log 10 Pathogenic 
Gene Count 
Log 10 Bacterial Gene 
Count 
Log 10 Viral Gene 
Count 
Risk Factor RR 95% CI RR 95% CI RR 95% CI RR 95% CI 
Elevation 1.03 0.92 1.15 1.02 0.95 1.09 0.94 0.88 0.99 1.12 0.98 1.24 
Drainage Ditch                         
No REF REF REF REF 
Yes 3.02 1.17 7.77 1.56 0.83 2.94 2.31 1.43 3.72 1.14 0.44 2.93 
Presence of 
Animals                         
No   REF REF REF 
Yes 0.76 0.33 1.77 0.85 0.49 1.50 0.76 0.49 1.16 0.81 0.35 1.90 
Nearby Toilet                         
No REF REF REF REF 
Yes 2.44 0.96 6.22 1.83 0.97 3.44 1.13 0.70 1.83 1.96 0.76 5.01 
Presence of 
Animal Feces                         
No REF REF REF REF 
Yes 1.08 0.39 2.99 1.49 0.75 2.94 0.70 0.41 1.20 1.88 0.68 5.23 
Uncollected 
Garbage                 
No REF REF REF REF 
Yes 3.23 1.07 9.72 1.39 0.67 2.90 1.98 1.13 3.45 0.99 0.33 2.98 
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Table 4-4: Association between sample pathogen diversity and collection point characteristics. 
All models were adjusted for location type (urban vs rural) and sample type (soil vs water) in 
addition to exposure variables. Significant associations are bolded. 
 Unadjusted Estimate Adjusted Estimate 
Risk Factor Risk Ratio 95% CI Risk Ratio 95% CI 
Elevation 1.00 0.96 1.04 1.00 0.96 1.04 
Drainage Ditch            
No Ref Ref 
Yes 1.23 0.93 1.62 1.39 1.07 1.81 
Presence of Animals             
No Ref Ref 
Yes 0.87 0.68 1.11 0.80 0.64 1.01 
Toilet Visible             
No Ref Ref 
Yes 0.96 0.66 1.40 0.99 0.71 1.38 
Presence of Animal Feces             
No Ref Ref 
Yes 1.02 0.79 1.32 0.88 0.67 1.16 
Uncollected Garbage         
No Ref Ref 
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 Despite substantial progress in reducing global diarrheal disease mortality, multiple 
challenges remain in understanding how to effectively implement  WASH interventions to 
reduce the burden of enteric infections. One such challenge is how to accurately and objectively 
evaluate the impact that interventions have at both the individual and population levels(1). 
Traditional assessments of sanitation effectiveness have relied on visually checking for the 
presence of a technology and on self-reported diarrhea. However, as the work presented in this 
dissertation shows, the advent of new molecular tools opens new avenues for assessing the 
impact of interventions, both in terms of their impact on environmental pathogen loads and on 
physiological and immunological responses. The work in this dissertation highlighted the 
following : 1) the use of biomarkers to measure physiological and immunological response to 
enteropathogen carriage; 2) the use of bacteriological analysis, high throughput sequencing, 
community surveys, and pathogen identification to understand the impact of utility water quality 
on vulnerable populations; and 3) the joint use of molecular methods to understand the 
association between environmental factors and pathogen loads and types in informal settlements.  
 A major motivation of my work has been to understand the impact that pathogens and 
interventions have at the individual level. This is the motivation behind Chapter 2 of this 
dissertation. There is a dearth of studies that bridge our theoretical understanding of pathogenesis 
and actual pathogen carriage in vulnerable populations, where co-infections are often the norm. 
Understanding the physiological and immunological impact of pathogen carriage can help not 
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only inform the design of interventions, but also the metrics that are needed to evaluate the 
effectiveness of interventions. We are starting to recognize that long-term, often asymptomatic 
carriage of multiple pathogens may be the norm in many vulnerable populations, but the 
physiological and immunological impacts of this carriage remain poorly understood. To date our 
understanding of long-term pathogen carriage has largely revolved around the idea of EED, 
which, as we are starting to understand, is likely a diffuse condition with multiple exposures and 
physiological responses resulting in an endpoint that falls under the umbrella term of EED(1–5).  
Chapter 2 of this dissertation aims to add to our understanding of how to develop  biomarker 
panels that can be used to measure specific cellular and immunological changes that occur with 
pathogen carriage. The end goal of this work is the development of a panel of biomarkers  that 
would not only serve as a metric for the effectiveness of WASH interventions, but also provide 
readouts on long term outcomes such as child growth(6,7). The goal of interventions is to reduce 
pathogen exposure and biomarker panels may provide more accurate measures on the 
effectiveness of interventions and potentially provide further insights into which transmission 
pathways were most impacted by the intervention(6). Though  still logistically and financially 
challenging,  such work may be imperative in the evaluation of future interventions.  
 While Chapter 2 of this dissertation was focused on the individual, Chapter 3 describes 
work done at the city level and integrated multiple studies to understand the impact of utility 
water on infant health in informal settlements. This work highlights the challenges faced by 
vulnerable populations in urban areas(4,8,17,18,9–16). The impact of WASH access is typically 
evaluated using metrics developed for rural areas, where the bulk of studies have been 
conducted. However, as this dissertation shows, the shortcomings faced by urban dwellers are 
systemic and when effectiveness is evaluated at the individual level, results are hard to 
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contextualize. This is especially true given that urban populations are likely to score high on  
metrics such as ease of water access and the use of premise plumbing(19–22). An understanding 
of urban WASH requires a holistic evaluation, designed to capture both systemic failures at the 
city level and individual behaviors and habits. The challenge in urban areas may therefore be 
ensuring that existing utility systems keep up with population pressure and meet required levels 
of chemical and bacteriological quality. In addition, urban areas are highly contaminated, and 
eliminating all pathogen transmission pathways without transformative changes, may be near 
impossible(13). This necessitates that urban WASH adhere to a multi barrier approach (MBA) 
and place as many barriers as possible between the individual and the untreated source water 
taken up by urban utilities. The MBA would also a require an in-depth evaluation of the 
effectiveness and feasibility of different in-home water treatment regimes. As this dissertation 
demonstrated, pathogen contamination and water quality may render some commonly used in-
home water treatment methods null.  
 Chapter 4 of this dissertation illustrates how new molecular methods are helping us better 
understand the nuances of associations between the environment and pathogen loads. This 
enables us to better quantify the risks associated with different environmental exposures. The 
work in Chapter 4 evaluated environmental characteristics associated with pathogen loads in 
informal settlements. We show that water can disseminate bacterial pathogens and how 
uncollected garbage results in localized points with high bacterial loads. In addition, our work 
also reinforces that environmental characteristics  associated with high bacterial loads are not 
associated with high viral loads. Viruses are more persistent in the environment, resulting in viral 
loads decoupling from bacterial loads. The implication of this is that interventions that eliminate 
bacterial pathogens may not necessarily be effective in eliminating viral transmission. The fact 
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that interventions may not be effective in eliminating the transmission of all pathogens, also 
reinforces the need for more accurate measures, such as pathogen assessments, in the evaluation 
of intervention effectiveness(1). In addition, given the differences in urban and rural 
environments, understanding how the environment impacts pathogen loads in both rural and 
urban areas will be key in developing tailored interventions.  
 This dissertation couples’ state-of-the-art molecular techniques with traditional 
epidemiological work. To continue to build on our past successes as a field,  molecular methods 
within a systems-framework will be imperative. Continual reliance on traditional assessments 
will only add to unexpected results that will be hard to put into context. As stated at the  
beginning of this dissertation, diarrheal disease is a consequence of poverty and systemic 
neglect, and as a global community we largely know what measures need to be taken to solve 
these. The barriers to implementing such measures are unfortunately all too often financial and 
political, and not technological. However, as we head into the mid-point of the 21st century we 
face new challenges such as climate change and, in many places, collapsing ecosystems(23). To 
adapt to these challenges, public health and epidemiology will have to continually add to its suite 
of tools. With the advent of multiple ‘omics’ technologies, the challenge may not be a lack of 
tools, but rather how to adapt these new tools and technologies to epidemiological studies and 
how to use the data from them to inform interventions and mitigation strategies.  
 Finally, I hope that the work presented in this dissertation provides pathways to 
addressing some of the inequities in global health. Global health practice is littered with well-
meaning, but ultimately ineffectual interventions. Among the litany of reasons for these failures 
is that, all too often, interventions are a solution looking for a problem and do not intervene at the 
most effective point. The work in this dissertation shows that we now have the technology to 
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accurately measure multiple disease transmission pathways and  gauge which pathway to 
intervene on. Accurately assessing the transmission potential of pathways would enable us to not 
only design  interventions, but also accurately gauge their effectiveness, both in the short and 
long term. Hopefully, this dissertation contributes to the knowledge base as we seek to build a 
more equitable world where access to high quality healthcare, clean water, and sanitation are 
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Figure A-1: Map of  collection points for the bacteriological evaluation of  utility supplied water in Addis 
Ababa, Ethiopia. G= Gefersa distribution system, L= Legedadi distribution system.   Samples were 
collected at the following points: source taken up by the treatment plants (LS and GS, n=1 each); finished  
water before entering into distribution lines (LF and GF, n=1 each); large utility-maintained tanks (LR, 
n=7 and GR, n=2); taps inside buildings (LT, n=8 and GT, n=4); and storage tanks at buildings (LBS, n= 





Table A-1: Household characteristics in study sites in the greater Yangon area, Myanmar. Data provided 
by Ther Aung, Carolina Population Center, University of North Carolina at Chapel Hill.  
















       




























Female headed household 
(0/1) 
0.201 0.307 0.205 0.238 0.160*** 0.218 0-1 
Head education        
None (0/1) 0.054 0.100 0.126 0.093 0.180*** 0.115 0-1 
Primary (0/1) 0.396 0.327 0.391 0.371 0.633*** 0.437 0-1 
Lower secondary (0/1) 0.315 0.267 0.265 0.282 0.107*** 0.238 0-1 
Upper secondary & above 
(0/1) 
0.235 0.307 0.219 0.253 0.080*** 0.210 0-1 
Occupancy type         
Owner occupied (0/1) 0.315 0.407 0.338 0.353 0.980*** 0.510 0-1 
Tenancy (rent paid) (0/1) 0.658 0.580 0.411 0.549 0.007*** 0.413 0-1 
Tenancy (no rent paid) (0/1) 0.027 0.013 0.139 0.060 0.013** 0.048 0-1 
Finished wall (0/1)  0.812 0.713 0.583 0.702 0.493*** 0.650 0-1 
Finished floor (0/1) 0.698 0.547 0.397 0.547 0.133*** 0.443 0-1 
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Informal (0/1) 0.295 0.120 0.523 0.313 0.000*** 0.235 0-1 
Livestock owned (0/1) 0.027 0.027 0.020 0.024 0.460*** 0.133 0-1 






















































       
Main source of drinking 
water  
       
Private/public piped 
water (0/1) 
0.010 0.082 0.034 0.031 0.007 0.025 0-1 
Bore hole/well (0/1) 0.000 0.000 0.017 0.009 0.048*** 0.018 0-1 
Rainwater (0/1) 0.010 0.010 0.017 0.020 0.408*** 0.115  
Cart/tank delivery (0/1) 0.153 0.163 0.419 0.220 0.000*** 0.166 0-1 
Surface water (0/1) 0.010 0.000 0.009 0.011 0.517*** 0.135 0-1 
Bottled water (0/1) 0.816 0.735 0.496 0.705 0.014*** 0.537 0-1 
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Main source of water not 
for drinking 
       
Private/public piped 
water (0/1) 
0.327 0.224 0.248 0.286 0.184** 0.261 0-1 
Bore hole/well (0/1) 0.663 0.633 0.513 0.585 0.673* 0.606 0-1 
Rainwater (0/1) 0.000 0.020 0.009 0.007 0.007 0.007 0-1 
Cart/tank delivery (0/1) 0.153 0.163 0.419 0.220 0.000*** 0.166 0-1 
Surface water (0/1) 0.010 0.000 0.009 0.011 0.517*** 0.135 0-1 
        
Toilet facility         
No facilities/bush (0/1) 0.000 0.000 0.017 0.004 0.000 0.003 0-1 
Flush to septic tank 
(0/1) 
0.490 0.410 0.237 0.389 0.233*** 0.350 0-1 
Flush to pit latrine (0/1) 0.388 0.495 0.508 0.471 0.553* 0.492 0-1 
Flush somewhere else 
(0/1) 
0.000 0.010 0.042 0.013 0.007 0.012 0-1 
Pit latrine with slab 
(0/1) 
0.082 0.086 0.085 0.084 0.093 0.086 0-1 
Pit latrine without 
slab/open pit (0/1) 
0.041 0.000 0.000 0.009 0.087*** 0.028 0-1 
Hanging toilet (0/1) 0.000 0.000 0.110 0.029 0.027 0.028 0-1 
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Toilet shared (0/1) 0.469 0.612 0.513 0.558 0.034*** 0.430 0-1 
^ statistical significance between rural and urban households.  *p<0.05; **p<0.01; ***p<0.001   
 
